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O.N.R.  Grant  No.  N00014-97-1-0880 


Abstract 


This  report  is  a  compilation  of  work  related  to  the  development  of  a  high- 
pressure  high  flow  rate  piezoelectric  micropump.  Such  a  pump  would  be 
at  the  heart  of  a  small  servohydraulic  actuation  system.  The  objective  of 
this  project  was  to  determine  the  feasibility  such  an  actuation  system.  One 
of  the  biggest  challenges  facing  small-scale  servohydraulic  systems  is  the 
development  of  a  high  performance  micro  pumping  device.  To  achieve 
the  final  result,  a)  detailed  mathematical  models  of  the  micropump  as  well 
as  the  micro  -  servohydraulic  system  were  constructed,  b)  a  micropump 
was  designed,  taking  into  account  all  the  relevant  limitations  related  to  the 
current  state-of-the-art  microfabrication  techniques  and  c)  a  micropump 
was  built  and  tested.  The  final  micropump  was  a  seven-layer 
microfabricated  device  consisting  of  4  silicon  and  3  glass  layers.  The 
silicon  layers  were  fabricated  using  Deep  Reactive  Ion  Etching  (DRIE). 
The  glass  layers  were  made  using  conventional  diamond  drilling.  The 
final  device  was  assembled  using  a  sequence  of  Silicon-silicon  fusion 
bonds  and  silicon-glass  anodic  bonds.  The  maximum  performance 
attained  from  this  device  was  a  maximum  flow  rate  of  2700 
microliters /min  and  a  maximum  differential  pressure  of  450kPa  at  a 
piston  drive  frequency  of  12.5kHz. 
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"Development  of  a  Mesoscale  Solid-State 
Servo-Hydraulic  Actuator" 

O.N.R.  Grant  No.  N00014-97-1-0880 


1.  Overview 

This  document  is  a  compilation  of  work  performed  to  investigate  the  feasibility  of 
small-scale  servohydraulic  actuation  systems.  The  goal  of  these  systems  would  be  two¬ 
fold: 


1.  To  exploit  the  nature  of  new  piezoelectric  materials  with  high  specific  power. 
This  high  specific  power  is  only  realized  at  high  frequencies  of  operation,  due  to 
the  inherently  small  stroke  attainable  with  piezoelectric  materials. 

2.  To  mate  the  requirement  for  high  frequency  operation  and  small  devices  with 
microfabrication  technologies,  therefore  harnessing  the  benefits  of 
microfabricated  systems,  such  as:  batch  fabrication,  large  scale  production,  use  of 
superior  materials  such  as  single  crystal  silicon,  and  the  ability  to  fabricate  small 
devices  with  a  large  degree  of  precision. 

The  work  presented  here  started  with  a  feasibility  study  in  the  form  of  a  Master's  thesis 
at  MIT  (Pulitzer),  and  continued  with  the  development  of  a  micropump  device 
presented  by  Li  et.  al.  Additional  work  is  presented  in  the  form  of  theses  by  Roberts, 
Steyn  and  Yaglioglu. 


2.  Approach 

Initial  studies  by  Pulitzer  and  Hagood  suggested  that  MHT  technology  could  indeed  be 
a  feasible  means  of  small-scale  servohydraulic  actuation.  Continued  theoretical  studies 
were  augmented  by  fabrication  short-loop  experiments  to  prove  the  manufacturability 
of  such  a  device.  These  experiments  eventually  yielded  both  the  first  piezoelectric  drive 
piston  which  formed  the  basis  for  the  first  micropump  device.  In  parallel  with  the 
fabrication  experiments  were  also  experiments  on  a  macrovalve  (Carretero)  and  fluid 
filling  and  sealing  (R.  Mlcak,  Boston  Microsystems). 


3.  Results 

The  final  result  of  the  project  was  the  delivery  of  a  high  pressure  high  flow  rate 
micropump.  This  pump  eventually  delivered  a  maximum  flow  rate  of  2600  ml/ min  and 
a  maximum  differential  pressure  of  450kPa  at  a  drive  voltage  of  1200Vpp  on  the  piston 
at  an  electrical  frequency  of  12.5kHz.  The  pump  was  operated  under  bias  pressures 
ranging  from  300  to  800kPa  to  prevent  cavitation  when  the  piston  oscillates  at  high 
frequency.  One  pump  failed  due  to  broken  valves,  while  two  others  had  broken  pistons 
and  a  third  one  had  a  broken  pressure  sensing  membrane. 
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Fluidic  resonances  were  observed  during  the  operation  of  the  pump,  and  it  is  presumed 
that  these  resonances  can  be  used  to  enhance  the  performance  of  a  micropump  device  at 
a  given  frequency. 

The  micropump  that  was  built  performed  significantly  better  than  other  micropumps 
reported  in  the  literature  up  until  the  time  the  pump  was  demonstrated.  At  the  time  of 
writing  this  report,  the  only  micropumps  matching  and/ or  exceeding  the  performance 
of  this  micropump  were  electrokinetic  (EK)  pumps.  Although  EK  pumps  are  much 
simpler  to  fabricate  than  a  piezoelectric  micropump,  they  suffer  from  a  finite  lifetime, 
due  to  the  electrochemical  reaction  that  results  as  part  of  the  operation  of  the  pump. 


4.  Conclusions 

The  results,  both  analytical  and  experimental,  suggested  that  small-scale 
microhydraulic  transducer  devices  do  show  promise  for  small-scale  servohydraulic 
actuation.  The  devices  appeared  to  have  an  acceptable  lifetime.  The  drive  pistons  of  the 
devices  went  through  at  least  0(106)  cycles  per  device,  indicating  that  fatigue  would 
probably  not  be  a  concern  for  these  devices. 

Fabrication  of  such  MicroHydraulic  Transducer  (MHT)  devices  remains  a  key 
challenge.  The  multi-wafer  fabrication  process  presented  several  unique  problems  when 
considering  the  fabrication  of  high  performance  microhydraulic  devices.  Challenges 
such  as  (1)  fillet  radius  control  at  the  bottom  of  an  etched  trench  (2)  piezo  sizing  and 
tolerandng  to  match  the  thickness  of  the  glass  insulating  layer  plus  the  etched  recess  or 
"piezo  seat"  (3)  wafer  care  during  fabrication  with  eventual  fusion  bonding  in  mind. 


5.  Recommendations 

Further  research  was  proposed  and  also  undertaken  in  a  formal  development  of  MHT 
technology  through  follow-on  programs1.  The  future  goals  for  MHT  technology  were 
the  development  of  an  active  valve  MHT  device  with  bi-directional  capabilities,  also 
giving  the  MHT  the  ability  to  generate  energy  by  rapidly  cycling  the  valves  to  create  a 
pulsing  pressure  on  the  main  piston. 

It  is  further  recommended  that  the  manufacturability  of  MHT  devices  be  addressed 
further,  as  well  as  integration  of  such  device  into  a  system  that  could  serve  as  a 
prototype  for  a  real-world  application. 


1  The  reader  is  also  referred  to  the  report  for  ONR  grant  N00014-01-1-0857,  which  contains  more  detailed 
information  on  the  specifics  of  MHT  technology. 
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A  HIGH  FREQUENCY  HIGH  FLOW  RATE  PIEZOELECTRIC  ALLY  DRIVEN 

MEMS  MICROPUMP 

H.Q.  Li,  D.C.  Roberts,  J.L.  Steyn,  K.T.  Turner,  J.  A,  Carretero,  O.  Yaglioglu, 

Y.-H.  Su,  L.  Saggere,  N.W.  Hagood,  S.M.  Spearing,  and  M.A.  Schmidt 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 

R.  Mlcak  K.S.  Breuer 

Boston  Microsystems,  Inc.  Brown  University 

Woburn,  MA  01801  Providence,  RI  02912 


ABSTRACT 

A  piezoelectrically  driven  fluidic  micropump  was  fabricated 
and  tested.  Microelectromechanical  systems  (MEMS)  fabrication 
technology  was  used.  Small  cylindrical  piezoelectric  material 
elements  were  integrated  with  microfabricated  silicon,  silicon  on 
insulator  (SOI),  and  glass  chips  using  eutectic  bonding  and  anodic 
bonding  processes.  SOI  wafers  were  used  to  form  the  thin 
membranes  within  the  moving  parts  (a  drive  element  and  two 
passive  valves).  The  design,  microfabrication  process,  and 
assembly  of  the  device  are  described  in  this  paper.  Fabrication 
issues  such  as  control  of  fillet  radii  at  the  feet  of  die  Si  membranes 
for  stress  reduction  and  simultaneous  eutectic  and  anodic  bonding 
were  discussed.  A  flow  rate  as  high  as  3000  pl/min  was  recorded 
Experimental  and  simulation  results  of  the  dependences  of  the 
pump  flow  rate  on  the  voltage  and  frequency  applied  on  the 
piezoelectric  material  are  shown  and  discussed. 

INTRODUCTION 

This  paper  presents  the  fabrication  and  testing  of  a  high 
pressure,  high  flow  rate  piezoelectrically  driven  fluidic  micropump 
with  passive  valves.  In  comparison  to  other  piezoelectrically 
driven  micropumps  in  the  literature  [1-4],  this  device  incorporates 
the  integration  of  bulk  piezoelectric  material  with  MEMS 
microfabrication  techniques  to  allow  for  high  structural  driving 
frequencies  in  the  tens  of  kHz  range  and  implements  novel 
methods  of  anodic  and  eutectic  bonding  to  join  silicon,  glass,  and 
piezoelectric  components,  enabling  minimal  device  mass  and 
therefore  high  power  density.  It  requires  a  compact  design  that 
brings  about  challenging  fabrication  issues  such  as  multi-layer 
wafer  bonding,  multiple  lithography  and  deep  reactive  ion  etch 
(DRIE)  steps  for  the  SOI  wafers,  use  of  nested  oxide  masks,  and 
integration  of  small  piezoelectric  material  elements.  The  need  for 
high  frequency  and  high  flow  rate  calls  for  precisely  micro- 
machined  Si  membranes  capable  of  large  deflection  as  the  moving 
components  in  the  pump  chamber  and  the  passive  valves  of  the 
micropump.  SOI  wafers  are  good  choices  for  this  purpose  because 
they  have  a  uniform  thin  Si  layer,  their  buried  oxide  can  be  used  as 
the  etch  stop  during  DRIE  processes,  and  the  fillet  radii  of  the 
membranes  that  are  critical  to  the  strength  of  the  membranes  are 
easier  to  control  in  the  presence  of  the  buried  oxide.  Another 
advantage  of  SOI  wafers  is  that  separate  electrodes  can  be  formed 
in  the  SOI  layer  during  microfabrication,  with  the  buried  oxide  as 
the  insulator.  Eutectic  bonding  has  been  used  to  integrate  the 
piezoelectric  elements  into  the  MEMS  devices.  For  this 
micropump  it  is  necessary  to  choose  low  melting  point  eutectic 
bonding  alloys  so  that  the  eutectic  bonding  can  be  performed 
simultaneously  with  the  anodic  bonding  of  the  Si  and  SOI  layers  to 
the  glass  layer  that  encloses  the  piezoelectric  material  for 


insulation.  The  successful  fabrication  of  the  micropump  is  a  major 
step  toward  the  realization  of  high  power  density  transducer 
devices  for  micro-robotic  actuation  and  heel-strike  power 
generation  applications  [5, 6]. 

MICROPUMP  STRUCTURE 

The  micropump  has  a  multi-layer  structure,  schematically 
shown  in  Figure  1 .  It  includes  one  fluid  pump  chamber  and  two 
identical  passive  check  valves  [7].  The  volume  change  in  the  fluid 
chamber  is  achieved  by  the  vertical  motion  of  the  double  layer 
cylindrical  piston-like  drive  element  (layers  4  and  5)  attached  to 
annular  Si  membranes  and  driven  by  a  ceramic  piezoelectric 
cylinder  (layer  3)  1  mm  in  diameter  and  1  mm  in  height.  When  a 
voltage  is  applied  to  the  piezoelectric  cylinder,  it  pushes  the  drive 
element  piston  up,  producing  a  high  pressure  in  the  fluid  chamber 
that  closes  the  inlet  valve  and  opens  the  outlet  valve  so  that  fluid 
can  flow  out  of  the  fluid  pump  chamber.  Next,  when  the  voltage  is 


Figure  1.  Top  view  and  cross-section  view  of  the  micropump.  The 
cross-section  view  is  from  a  zig-zag  cut  to  show  all  the  features . 
reduced  the  piezoelectric  cylinder  contracts  and  the  drive  element 
piston  moves  down,  resulting  in  a  low  pressure  in  the  fluid 
chamber  that  closes  the  outlet  valve  and  opens  the  inlet  valve  so 


that  fluid  can  flow  into  the  chamber.  The  pump  works  by 
repeating  these  steps  at  high  frequency. 

The  drive  element  piston  is  3.6  mm  in  diameter  and  each  of 
the  two  SOI  layers  4  and  5  forming  the  piston  is  about  400  pm 
thick.  The  annular  drive  element  SOI  membranes  are  150  pm 
wide  and  10  pm  thick  in  the  lower  layer  and  15  pm  thick  in  the 
upper  layer  which  also  includes  the  valves.  SOI  wafers  (layers  4, 
5,  and  6)  were  chosen  to  construct  the  membranes  in  the  device  for 
two  reasons:  1)  to  control  precisely  the  membrane  thickness  by 
using  the  buried  oxide  in  the  SOI  as  an  etch  stop  in  the  DRIE 
process,  and  2)  to  use  the  lower  SOI  (layer4)  as  an  electrode  to  the 
piezoelectric  cylinder  and  the  buried  oxide  as  an  insulator  between 
the  piezoelectric  cylinder  and  the  remaining  part  of  the 
micropump.  The  thickness  of  the  SOI  membranes  in  layer  5  was 
determined  mainly  by  the  design  specifications  of  the  passive 
valves  that  were  subject  to  much  larger  deflections  than  the  drive 
element  piston  membrane.  Venting  channels  in  layer  5  and  holes 
in  layer  4  (not  shown  in  Fig.  1)  were  formed  to  release  pressure  in 
the  cavity  between  the  drive  element  membranes  during  the  wafer 
diffusion  bonding.  The  passive  valves  consist  of  a  0.5  mm  center 
hole  and  a  15  pm  thick  annular  SOI  membrane  with  an  inner 
diameter  of  0.70  mm  and  an  outer  diameter  of  1.65  mm.  When  not 
deflected  the  valves  are  only  0.5  pm  from  layer  4  to  minimize  back 
leaking. 

The  fluid  chamber  above  the  drive  element  piston  and  fluid 
channels  to  and  from  the  valves  are  located  in  layer  6.  Small 
cylindrical  motion  stops  about  8  pm  from  the  drive  element  and 
about  18  pm  from  the  valves  respectively  were  also  formed  in 
layer  6  to  prevent  the  membranes  from  excessive  deflections.  A 
pressure  sensor  in  the  shape  of  a  circular  membrane  0.8  mm  in 
diameter  and  20  pm  thick  was  formed  in  the  fluid  chamber  for  on¬ 
site  pressure  measurement  A  ceramic  PZT-5H  piezoelectric 
cylinder  1  mm  in  diameter  and  I  mm  in  height  was  incorporated  in 
die  middle  glass  layer  3  as  the  active  drive  component  of  the 
micropump.  The  Si  layer  below  the  piezoelectric  cylinder  was 
used  as  the  other  electric  contacts  to  the  piezoelectric  cylinder. 

3  mm  thick  borosilicate  glass  was  used  in  the  top  and  bottom 
layers  1  and  7  for  structural  strengthening  of  this  bench  top  device. 

MICROFABRICATION  PROCESSES 

To  minimize  the  size  of  the  device,  a  compact  design 
requiring  a  minimum  number  of  layers,  efficient  use  of  the  both 
surfaces  in  each  layer,  and  therefore  multiple  lithography  steps  for 
the  SOI  wafers  was  implemented.  As  an  example,  Figure  2  shows 
flie  fabrication  process  flow  for  layer  5.  The  first  step  is  the 
selection  of  the  SOI  wafer  that  has  a  15  pm  thick  SOI  layer,  a 
0.4  pm  thick  buried  oxide,  and  a  380  pm  thick  handle  layer. 
Secondly,  positive  photoresist  was  coated  on  both  sides  of  the 
wafer  and  the  SOI  side  was  patterned  using  standard  lithography 
procedures.  The  photoresist  on  the  handle  side  is  to  protect  the 
handle  surface  from  scratching  in  the  lithography  steps.  This  back 
surface  protection  method  was  used  throughout  the  micro- 
fabrication  processes.  The  wafer  was  then  put  in  a  DRIE  machine 
until  die  SOI  layer  was  etched  through.  This  step  formed  the  fluid 
through  holes  in  the  SOI  layer.  Next,  the  wafer  was  cleaned  and 
coated  with  positive  photoresist  on  both  sides  again.  The  handle 
side  was  patterned  with  photoresist  and  etched  down  about  0.5  pm 
in  a  RIE  etcher  to  form  the  clearance  between  the  valves  and  their 
seating  surfaces.  In  the  fourth  step  the  wafer  was  oxidized  at 
1100°C  for  5  hours  to  form  2  pm  of  thermal  oxide  that  is  to  be 
used  as  a  nested  mask  and  back  surface  protection  from  DRIE 
etching  later  on.  The  thermal  oxide  was  etched  in  step  5  to  form 
the  nested  mask  and  then  another  lithography  process  was 


performed  on  handle  side  to  define  the  membranes  in  the  drive 
element  and  in  the  passive  valves  in  step  6.  The  wafer  was  etched 
first  by  DRIE  about  halfway  though  its  thickness  with  photoresist 
as  seen  in  step  6.  Then  the  photoresist  pattern  was  stripped  and  the 
nested  thermal  oxide  mask  was  exposed  for  another  DRIE  step 
until  it  stopped  at  the  buried  oxide,  as  seen  in  step  7.  The  nested 
oxide  mask  was  necessary  to  construct  the  200  pm  deep  venting 
channels  in  the  drive  element  and  the  fluid  channels  to  the  valves. 
Finally,  the  thermal  oxide  was  stripped  using  BOE  wet  etching. 


1.  Start  with  a  SOI  wafer. 


2.  DRIE  SOI  and  BOE  buried  oxide. 

//„■/■//,  ///.-  // /  /  rr-7-77-r7-7jr7\ 

3.  DRIE  handle  side  0.5  pm.  2  ' 


4.  Grow  2  fua  thermal  oxide. 

5.  Pattern  the  oxide  film  with  BOE 

eu  p  gun  s  p  — m 

7.  Strip  photoresist  and  DRIE  to  the  buried  oxide  with  nested  oxide  mad 

■/;»//. /////w/aw  n  g 

8.  Strip  the  oxide  on  both  sides. 


*  Thermal  oxide 


Buried  oxide 


Figure  2.  Fabrication  flow  of  an  SOI  layer  (layer  5  in  Fig .  1)  with 
the  passive  valves  and  half  of  the  drive  element  piston. 


Since  all  the  membranes  in  this  device  have  to  operate  under 
high  stress  and  at  high  frequency,  it  is  important  to  have  a 
membrane  structure  with  minimal  stress  concentration.  A 
significant  challenge  in  the  micropump  fabrication  was  controlling 
fillet  radii  in  the  range  of  20-40  pm  for  stress  reduction  at  the  feet 
of  the  membranes.  In  the  DRIE  machine  Si  is  etched  at  a  rate  of 
about  2-4  pm/min.  depending  on  the  feature  size  and  exposed  Si 
area.  The  etch  front  is  usually  a  gradual  curve  in  cross-section  but 
varies  depending  on  the  etch  conditions.  An  SOI  membrane  fillet 
radius  is  formed  after  the  etch  front  reached  the  buried  oxide  and 
then  the  Si  edges  retreat  horizontally  to  the  side  wall  at  a  rate  of 
about  70-100  pm/minute  as  more  oxide  is  exposed  There  is  a  time 
window  of  only  about  2-4  minutes  to  control  the  fillet  radius  in  the 
desired  range  after  about  2  hours  etch  of  the  handle  side. 
Therefore  careful  monitoring  in  the  final  stage  of  the  DRIE  is 
critical.  Figure  3  shows  a  150  pm  wide  drive  element  membrane 
with  a  gradual  fillet  about  25  pm  long  horizontally. 


ASSEMBLY  OF  THE  DEVICE 


After  the  final  DRIE  etch  and  cleaning,  the  three  SOI  wafers  were 
aligned  using  an  Electronic  Visions  system  and  fusion  bonded  at 
1100°C  in  nitrogen  for  1  hour.  The  bonded  wafer  stack  was  cut 
into  16.7  mm  by  15.7  mm  chips  with  a  die-saw,  cleaned  in  water, 
acetone,  methanol,  and  isopropanol  successively,  and  finally  dried 
in  air.  The  glass  wafers  were  processed  with  diamond  drills  and 
die-saw  cut  into  small  chips.  All  the  interfaces  between  Si  and 
glass  were  anodically  bonded  at  about  300°C.  The  Si  and  the 
piezoelectric  material  interfaces  were  cutectically  bonded 


Figure  3.  Optical  cross-section  picture  of  a  drive  element 
membrane,  the  membrane  thickness  is  about  10  pm. 

To  prepare  for  the  eutectic  bonding,  500  A  of  Ti  film  and  5000  A 
of  Pt  film  were  deposited  on  the  Si  surfaces  through  a  shadow 
mask  by  e-beam  and  2  jun  of  an  Au-Sn  (80-20%  wt.)  alloy  films 
were  deposited  on  the  piezoelectric  surfaces  by  sputtering.  The 
composition  of  the  metal  films  were  chosen  for  surface  wetting 
(Ti)  and  low  eutectic  bonding  temperature  (Au-Sn)  so  that  the 
eutectic  bonding  and  the  last  anodic  bonding  can  be  done 
simultaneously  as  required  by  the  pump  design.  The  height  of  the 
piezoelectric  cylinders  were  designed  to  be  2-3  pm  larger  than  the 
height  of  the  middle  glass  piece  (layer  3  in  Fig.  1)  so  that  the  drive 
element  piston  is  preloaded  and  when  the  chamber  is  expanded 
there  is  no  pulling  of  the  drive  element  piston  by  the  piezoelectric 
cylinder  that  might  delaminate  the  eutectic  bonding.  For  this 
reason,  an  oxide  mask  that  defines  the  piezoelectric  seating  was 
left  on  each  Si  chip  below  the  piezoelectric  (layer  2  in  Fig.  1)  for 
height  compensation  by  individually  trimming  etch  of  the  Si 
chips.  Finally  wires  were  soldered  on  the  Ti/Pt  electrode  pads  that 
were  deposited  at  the  same  time  as  the  eutectic  bonding  films 
were  deposited.  Figure  4  shows  a  picture  of  an  assembled 
micropump. 

The  key  components  of  this  bench  top  device  were  built  in  an 
area  of  about  8.6  mm  by  7.7  mm,  while  the  electric  contacts  and 


Figure  4.  An  assembled  micropump  with  electric  leads.  Small 
graduations  are  in  mm.  The  inset  is  a  cross-section  picture  of  a 
passive  valve  with  15  pm  thick  membrane. 
the  supporting  glass  pieces  take  most  space  of  this  bench-top 
device.  The  inset  of  Fig.  4  is  a  cross-section  photograph  of  a 
passive  check  valve  with  15  pm  thick  membrane. 


The  assembled  device  was  tested  with  an  experimental  setup 
that  includes  fluid  reservoirs,  valves,  pressure  sensors,  and  flow 
meters,  as  shown  in  Figure  5.  The  inset  in  Fig.  5  is  an  picture  of 
the  test  jig  with  a  micropump  sealed  in  it  by  rubber  O-rings.  The 
system  was  first  evacuated  and  then  filled  with  1  centistoke 
silicone  oil.  The  piezoelectric  cylinders  were  driven  by  AC 
signals  with  peak  to  peak  voltages  in  the  range  of  0-1600  V,  bias 
voltages  in  the  range  of 300-600  V,  and  frequencies  in  the  range  of 
1-12.5  kHz.  The  inlet  pressure  was  maintained  at  850  kPa  in  all 
the  tests.  The  highest  flow  rate  recorded  is  3000  pl/min  at  1200  V 
peak  to  peak  voltage,  600  V  bias  voltage,  and  4.5  kHz,  and  zero 
differential  pressure. 


Figure  5.  The  experimental  setup  for  micropump  test.  The  inset  is 
the  package  jig  holding  the  micropimp. 

Figure  6  shows  the  experimental  and  quasi-static  simulation 
results  of  the  dependence  of  flow  rate  on  peak  to  peak  voltage. 
This  test  was  done  at  a  drive  frequency  of  3.5  kHz,  a  bias  voltage 
of  600  V,  and  zero  differential  pressure.  The  flow  rate  increases 
with  the  voltage  monotonically  but  not  linearly.  In  Simulation  1  a 
rigid  chamber  structure  was  assumed.  It  is  believed  that  the  flow 
rate  of  Simulation  1  is  higher  than  the  experimental  results  because 
the  micropump  has,  as  part  of  the  fluid  chamber,  flexible  SOI 


Figure  6.  Flow  rate  vs.  piezo  peak  to  peak  voltage  at  3.5  kHz  drive 
frequency.  The  results  of  two  quasi-static  simulations  with 
different  chamber  compliance  are  also  shown. 
membranes  attached  to  the  drive  element  piston  and  the  two 
passive  check  valves  (see  Fig.  1).  An  increased  fluid  chamber 
compliance  was  included  in  Simulation  2  and  its  results  are  closer 
to  the  experimental  data  as  can  be  seen  from  Fig.  6.  However,  at 


high  drive  voltage  the  experimental  flow  rate  increased  with  the 
TEST  RESULTS  drive  voltage  much  faster  than  the  results  of  Simulation  2.  This  is 


probably  because  the  membranes  deflect  more  and  become  stiffer 
as  the  drive  voltage  increases,  resulting  in  a  faster  increase  in  flow 
rate,  while  in  Simulation  2  this  increase  of  membrane  stiffness 
was  not  accounted  for. 

Figure  7  shows  the  relation  between  the  inlet-outlet 
differential  pressure  and  the  flow  rate.  In  this  experiment  the 
piezoelectric  cylinder  was  driven  at  1200  V  peak  to  peak  voltage, 
600  V  bias  voltage,  and  3.5  kHz. 


Figure  7.  Inlet  to  outlet  differential  pressure  vs.  flow  rate . 

The  flow  rate  vs.  piezoelectric  cylinder  drive  frequency  curve 
of  the  same  device  and  a  quasi-static  simulation  result  are  shown 
in  Figure  8.  Other  experimental  conditions  of  this  test  were:  peak 
to  peak  voltage  at  1200  V,  bias  voltage  at  300  V,  and  zero 
differential  pressure.  Figure  8  clearly  shows  some  form  of 
resonance  effect  that  is  not  present  in  the  simulation.  We  found 
that  changing  the  bias  voltage  to  the  piezoelectric  material  and 
changing  the  pressure  difference  between  the  inlet  and  outlet  have 
an  influence  on  the  value  of  the  flow  rate  but  not  on  the  resonance 
peak  positions.  The  flow  resonance  could  be  due  to  the  pressure 
wave  effects  at  abrupt  comers  of  the  package  of  the  micopump  or 
due  to  the  internal  structure  of  the  device.  A  systematic  study  of 
the  micropumps  is  under  way  to  better  understand  their  behavior 
and  to  improve  their  performance. 


Figure  8.  Flow  rate  vs.  drive  frequency  of  the  micropump . 


CONCLUSIONS 

The  work  in  this  paper  is  part  of  a  larger  effort  to  develop 
high  power  density  transducer  devices  [5]  for  micro-robotic 
actuation  and  human  heel-strike  power  generation  applications. 
The  successful  fabrication  of  the  micropump  has  validated  the 
MEMS  process  design  and  bonding  techniques  to  be  used  for  these 


devices.  Since  device  power  is  generally  proportional  to  flow  rate, 
higher  flow  rate  micropumps  with  larger  drive  elements  and 
multiple  piezoelectric  cylinders  are  currently  being  developed  A 
further  increase  in  flow  rate  can  be  realized  by  using  newly 
developed  single  crystal  piezoelectric  materials  [8].  A  performance 
improvement  of  10  times  is  expected  in  micropumps  that  combine 
larger  drive  elements  and  single  crystal  piezoelectric  materials.  In 
order  to  examine  the  effect  of  resonance  on  the  performance  of  the 
micropump,  the  internal  device  structure  and  external  test  set-up 
are  under  investigation.  In  addition,  it  may  be  possible  to  use  this 
resonance  behavior  to  maximize  the  flow  rate  by  tuning  the  device 
to  a  desired  resonance  frequency. 
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Abstract  —  Towards  the  development  of  novel  class 
of  miniature  transducers  with  very  high  specific  power,  a 
high  frequency  and  high  flow  rate  hydraulic  micro-pump 
with  passive  check  valves  was  fabricated  and  tested.  The 
micro-pump  features  a  small  piezoelectric  (PZT-5H/PZN- 
PT)  cylinder  integrated  into  micromachined  silicon  and 
pyrex  chips.  The  piezoelectric  cylinder  bonded  to  a  thick 
circular  disk  serves  as  the  drive  element  in  the  pump 
chamber,  and  two  axisymmetric  silicon  membranes  with 
hollow  annular  bosses  serve  as  system  check  valves. 
Using  silicone  oil  as  the  working  fluid,  the  performance 
of  the  micro-pump  was  tested  by  varying  voltages  from  0 
to  1600V  and  frequencies  from  1  kHz  to  12  kHz.  The 
micro-pump  with  PZT-5H  element  achieved  a  high  flow 
rate  of  2.5  ml/min  at  1200  V  and  4.5  kHz. 

Introduction  and  Motivation 

Recent  advances  in  active  materials  technology  has 
led  to  the  development  of  many  new  solid-state  actuators. 
However,  the  specific  power  (power  per  unit  mass)  output 
of  these  solid-state  actuators  is  fairly  limited.  A  major 
program  with  the  broad  goal  of  developing  miniaturized 
transducers,  called  Micro-Hydraulic  Transducers  (MHT), 
with  very  high  specific  power  in  the  order  of  1  kW/kg  is 
currently  underway  at  MIT  [1].  This  program  derives  its 
impetus  from  an  evolving  realization  that  attractive  output 
power  densities  are  achievable  by  active  materials  with 
decreasing  size  and  high  frequency  operation,  and 
exploits  from  the  integration  of  the  piezoelectric 
technology  with  the  micro-machining  (MEMS) 
technology  and  micro-hydraulic  concepts.  The  essential 
building  unit  of  the  MHT  is  a  micro-pump  with  actively 
controlled  valves  that  rectify  fluid-flow  from  one  pressure 
potential  to  another  at  very  high  frequencies  and  high 
flow-rates  against  high  pressures,  yielding  a  high  power 
output  These  operating  requirements  of  the  micro-pump 
are  more  demanding  than  any  micro-fluidic  device 
developed  so  far.  Several  micro-pumps  based  on  different 
principles  have  been  reported,  however,  mostly  they 
feature  either  small  flows  or  low  output  pressures  [2,3). 

Development  of  an  active  valve  micro-pump  for  MHT 
involves  several  critical  challenges  in  design,  fabrication 
and  system  level  integration.  The  motivation  for  the  work 


presented  in  this  paper  stemmed  mainly  from  the  need  to 
demonstrate  the  technical  feasibility  and  to  minimize  the 
risks  involved  in  the  development  of  an  active  valve 
micro-pump  for  MHT.  This  purpose  was  accomplished 
through  a  successful  development  of  a  slightly  simpler 
version  of  the  device,  that  is,  a  micro-pump  with  passive 
(check)  valves,  with  similar  performance  goals  of  high 
flow  and  high  pressure.  This  paper  reports  the  design, 
modeling,  fabrication  and  testing  of  the  passive  valve 
micro-pump. 

WORKING  PRINCIPLE  and  Design 

The  micro-pump  is  comprised  of  the  following  generic 
components:  pump  chamber,  a  piezoelectric  element,  a 
low-pressure  fluid  reservoir  (LPR),  a  high-pressure  fluid 
reservoir  (HPR),  and  two  check  valves — one  operating 
between  the  LPR  and  the  pump  chamber  and  the  other 
one  operating  between  the  pump  chamber  and  the 
HPR — as  schematically  shown  in  Figure  1.  An  electric 
voltage  applied  to  the  piezo  induces  a  strain  in  the 
element  resulting  in  a  net  volume  change  in  the  pump 
chamber.  The  two  valves  transform  the  volume 
oscillations  of  the  chamber  into  a  net  fluid  flow  from  LPR 
to  HPR.  The  accumulation  of  fluid  in  the  HPR  increases 
the  pressure  and  performs  useful  work  on  the  load.  After 
the  actuator  travels  its  full  stroke,  the  flow  direction  is 
reversed  (not  illustrated  in  Figure  1)  and  the  actuator  is 
evacuated  as  it  returns  to  its  initial  position,  completing 
the  actuation  cycle.  In  this  way  the  high  frequency,  small 
displacements  of  the  piezoelectric  are  rectified  into  low 
frequency,  large  stroke  actuation. 
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Figure  1.  Working  principle  of  the  micro-pump. 
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The  micro-pump  configuration  is  shown  in  Figure  2. 
The  pump  chamber  at  the  center  encloses  a  piezo  element 
sandwiched  between  a  moveable  thick  circular  disk  and 
the  rigid  bottom.  The  moveable  disk  is  tethered  to  the 
chamber  wall  through  thin  flexible  membranes  around  the 
circumference.  The  moveable  plate  and  the  piezo  together 
effectively  constitute  a  piston-like  structure  that  can  move 
vertically  up  and  down  when  the  piezo  is  strained  by 
applying  electric  voltage  across  its  ends.  The  volume 
between  the  chamber  ceiling  and  the  piston  surface 
encloses  the  working  fluid  that  is  pumped.  Two 
axisymmetric  silicon  micromachined  membranes  with 
hollow  annular  bosses  serve  as  system  check  valves 
between  the  inlet/outlet  port  and  the  pump  chamber. 

Hi  SOI  membrane  H  membrane  stop 
w#t* - tQ  Vent  Piezoelectric  cylinder 

Inlet  valve  /J8 Fluid  channels 


Pressure  sensor 


Membrane  probe  hole / 


Outlet  valve 


Inlet  valve  Drive  element  Pressure  sensor  Outlet  vahre 


Wet  Membranes  Membrane  probe  hole  Outlet 
SOI  Y//A  SI  (ZD  Glass  Piezoelectric  material 

Kg.  2:  Top  view  and  cross-sectional  view  (along  a  zig¬ 
zag  cut  in  the  top  view)  of  the  micropump. 

The  approximate  dimensions  of  the  piezo  cylinder  and 
the  chamber  were  first  determined  analytically  to  satisfy 
the  requirement  of  an  average  flow  rate  of  1  ml/s  at  20 
kHz  operating  frequency.  The  dimensions  of  passive 
valves  were  chosen  such  that  their  first  natural  frequency 
is  well  above  the  valve  operating  frequency,  and  the 
membranes  stresses  are  within  allowable  limits  at  a 
maximum  stroke  of  about  20  pm,  and  other  dimensions 
were  chosen  suitably.  The  design  was  then  verified  and 
dimensions  adjusted  for  best  performance  through 
computer  simulations.  The  primary  transduction  element 
in  the  device,  PZT-5H  piezo  cylinder  is  about  1  mm  in 
diameter  and  1  mm  in  height  The  diameter  of  the 
pumping  chamber  is  3.6  mm,  and  its  height  from  the 
piston  surface  is  200  pm.  The  width  of  the  tethers 
membrane  around  the  piston  is  150  pm  and  their  thickness 
is  about  15  um.  The  membranes  comprising  the  passive 
valves  are  15  urn  thick,  and  have  an  inner  diameter  of 
0.70  mm  and  an  outer  diameter  of  1.65  mm.  The  hole  at 


the  center  of  the  rigid  boss  through  which  the  fluid  can 
pass  through  when  the  valve  is  open  is  0.5  tnm  in 
diameter.  When  not  in  motion,  the  valves  are  normally 
closed  with  a  minimal  0.5  pm  gap  between  the  valve  and 
the  seating  to  minimize  any  back  flows. 

Modeling  and  Simulation 

Dynamic  simulations  of  the  micro-pump  system  were 
carried  out  to  gain  insight  into  the  performance  of  the 
micro-pump.  Detailed  analytical  models  of  the  canonical 
components  of  the  system  and  the  fluid-flow  models 
including  fluid  inductance  and  fluidic  and  structural 
compliances  were  built  in  the  Matlab/Simulink* 
application  and  system  level  simulations  were  carried  out 
by  numerically  integrating  the  coupled  governing 
equations.  The  entire  system  is  highly  coupled  as  can  be 
seen  in  the  block  diagram  of  the  system  in  Kgure  2. 


Figure  2:  Row  chart  of  the  simulations. 

The  key  components  in  the  micro-pump  are:  drive 
element ,  pump  chamber ,  passive  valves,  and  flow 
channels .  All  the  structural  components  were  modeled  as 
lumped  single  DOF,  and  this  is  adequate  since  the 
operational  frequency  of  the  device  is  well  below  the  first 
natural  frequency  of  any  structural  component  The  liquid 
in  the  pump  chamber  is  assumed  to  be  quasi-statically 
compressible.  Further,  the  interior  pressure  distributions 
in  the  system  cavities  are  assumed  to  be  uniform  and  the 
flow  is  assumed  to  be  steady. 

Drive  Element:  The  equations  describing  the  dynamic 
motion  of  the  drive  element  which  includes  piezo  and 
piston  is  as  follows: 

Mx  +  bx  +  kx-  pc  ~  F 

AV  = 

where  x  =  piston  displacement,  M  =  effective  mass  of  the 
piston  element,  b  =  damping  coefficient,  k  =  stiffness  of 
the  tethers  attached  to  the  piston,  F  =  internal  force  at  the 


interface  of  piston  and  the  piezo,  d#  =  dielectric  constant 
of  the  piezo,  Apis  =  area  of  the  piston,  pc  -  pressure  in  the 
chamber,  Vt  =  applied  voltage  across  the  piezo,  and  AV  = 
change  in  volume  of  the  pump  chamber. 

Pump  Chamber:  The  following  equation,  obtained  by 
the  application  of  continuity  to  the  control  volume, 
governs  the  pressure  variation  in  the  pump  chamber. 


Pc  = 


>  ,  1 
C,  Kt 


(tL-Q~+W) 


where  V0  is  the  volume  of  fluid  initially  contained  within 
the  chamber  when  the  volume  source  is  undeformed,  Kf  is 
the  bulk  modulus  of  the  fluid,  and  C,  is  the  hydraulic 
capacitance  of  the  chamber  structure. 

Check  Valve  and  Channel  Dynamics :  The  check 
valves  rectify  the  fluid  flow  by  opening  or  closing  the 
fluid  flow  path  from  the  reservoir  to  the  chamber  in 
response  to  the  pressure  differential  between  the  two 
sides.  The  valve  opening  is  modeled  as  a  quasi-static 
linear  function  of  the  pressure  differential  across  the 
valve.  The  flow  rate  Qy  and  the  pressure  drop  across  the 
valve,  AP>  are  related  as: 


+IQ 


where  p  =  density  of  the  fluid,  I  -  channel  inductance,  A  = 
surface  area  of  the  valve  opening  for  flow  across  the 
valve,  f  =  the  loss  coefficient,  a  function  of  Reynold’s 
number  corresponding  to  the  instantaneous  flow  rate, 
determined  from  a  standard  look-up  table. 


Fabrication 


The  micro-pump  is  fabricated  as  a  multi-layer 
Structure  as  schematically  illustrated  in  Figure  1.  The 
device  is  assembled  from  seven  layers— 3  SOI  wafers,  1 
Si  layer  and  3  pyerx  layers — as  shown  numbered  in  the 
cross-section  figure  in  Fig.  I.  To  achieve  a  compact 
design  using  minimum  number  of  layers,  both  surfaces  of 
each  layer  were  efficiently  utilized  by  implementing 
multiple  lithography  steps  for  the  SOI  wafers.  For 
complete  details  on  the  microfabrication  of  the  layers, 
interested  readers  may  refer  [4].  After  the  microfabrication 
process,  the  top  three  SOI  wafers  (layers  4, 5,  and  6)  were 
aligned  using  an  Electronic  Visions  system  and  fusion 
bonded  at  1100°C  in  nitrogen  for  1  hour.  The  bonded 
wafer  stack  was  cut  into  chips  of  size  16.7  mm  by 
15.7  mm  chips  using  a  die-saw,  cleaned  in  water,  acetone, 
methanol,  and  isopropanol  successively,  and  finally  dried 
in  air.  The  glass  wafers  were  processed  with  diamond 
drills  and  die-saw  cut  into  small  chips,  then,  the  Si  and 
glass  interface  in  the  bottom  stack  (layers  1, 2,  and  3)  and 
in  top  stack  (layer  7  and  the  bonded  stack  4,  5,  6)  were 
separately  anodically  bonded  at  about  300°C.  A  ceramic 
PZT-5H  piezoelectric  cylinder  1  mm  in  diameter  and 
1  mm  in  height  was  manually  placed  in  the  in  the  middle 
of  the  glass  layer  3  in  the  bottom  stack,  and  the  piezo-Si 
interfaces  were  eutectically  bonded  using  a  Ti-Pt  and  Au- 
Sn  alloys.  Figure  4  shows  a  picture  of  a  fully  assembled 


micropump  with  electrical  leads.  The  packaged  device  has 
dimensions  22.7mm  x  15.7mm  x  8.6mm.  However,  the 
packaging  volume  is  not  optimized  and  as  such,  the  total 
volume  of  the  device  could  be  much  smaller. 


Figure  4.  Assembled  micro-pump  with  electrical  leads. 

Testing  and  Model  Correlation 

An  experimental  rig  (Figure  5)  that  includes  low  and 
high-pressure  reservoirs,  control  valves,  pressure,  voltage, 
and  current  sensors  and  flow  meters  was  constructed  to 
test  the  micro-pump.  The  micro  pump  device  is  placed  in 
a  specially  designed  aluminum  jig  (shown  in  the  inset  in 
Figure  5)  with  O-rings  for  connection  to  the  inlet  and 
outlet  fluid  channels.  Static  and  dynamic  pressure  sensors 
are  placed  directly  before  and  after  the  device  to  monitor 
the  LPR  and  HPR  pressures.  A  micromachined  membrane 
within  the  top  structure  of  the  device  pump  chamber 
allows  for  measurement  of  the  internal  pressure  as  a 
function  of  the  membrane  deflection  using  an  MTI  laser 
probe  deflection  sensor.  In  order  to  avoid  any  air  bubbles 
in  the  device,  the  fluid  channels  and  cavities  in  the  micro 
pump  were  first  evacuated  with  the  aid  of  a  vacuum  pump 
followed  by  a  few  cycles  of  purging  the  channels  with  a 
solvable  gas  (N*)  and  evacuating.  Finally,  the  device  was 
filled  with  the  degassed  fluid  at  a  controlled  rate. 


Figure  5.  The  experimental  rig  for  testing  micro-pump. 

The  inset  shows  packaging  jig  holding  the  micro-pump. 

The  performance  of  the  micro-pump  was  evaluated  by 
varying  voltages  across  the  piezo  from  0  to  1600V  with 
bias  voltages  in  the  range  of  300-600  V,  and  frequencies 
from  1  kHz  to  12  kHz.  The  inlet  pressure  was  maintained 
at  850  kPa,  and  the  differential  pressure  across  the  pump 
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was  varied  from  0  to  500  kPa.  Flow  rates  were  measured 
using  fluid  rotameters  directly  before  and  after  the  device, 
and  pressure  signals  were  acquired  using  the  Lab  View 
data  acquisition  system.  Highest  flow  rate  recorded  was 
2500  jil/min  at  1200  V  peak-to-peak  voltage,  600  V  bias 
voltage,  and  4.5  kHz,  and  zero  differential  pressure. 

Figures  6,  7,  and  8  show  the  model  correlation  curves 
illustrating  the  performance  characteristics  of  the  micro¬ 
pump.  In  Figure  6,  the  plot  of  flow  rate  as  a  function  of 
drive  frequency  at  zero  pressure  differential  is  shown.  It 
can  be  seen  that  a  good  correspondence  between  the 
model  and  experiment  was  achieved  in  low  frequency 
regime,  however,  in  the  high  frequency  regime,  fluidic 
resonance  effects  that  were  not  predicted  in  the  simulation 
were  observed.  The  resonance  effects  are  attributed  to  the 
geometry  of  the  experimental  rig. 


Frequency  (kHz) 

Figure  7.  Flow  rate  versus  drive  frequency  at  1200  V 
peak-to-peak  voltage,  and  zero  differential  pressure. 

Figure  7  shows  the  plot  of  the  flow  rate  versus  the 
pressure  differential  across  the  inlet-outlet  at  3.5  kHz  and 
1200  V  P-P  drive  voltage  and  600  V  bias  voltage. 


Flow  rate  (jun/min.) 

Figure  7.  Pressure  differential  versus  flow  rate. 

Figure  8  shows  the  relation  between  the  flow  rate  and  the 
peak-to-peak  voltage  across  the  piezo  element  at  a  drive 
frequency  of  3.5  kHz,  a  bias  voltage  of  600  V,  and  zero 
differential  pressure.  The  flow  rate  increases  with  the 
voltage  monotonically  but  not  linearly.  The  slight 
difference  in  the  slopes  of  the  model  and  experimental 
curves  is  attributed  to  the  non-linear  behavior  of  the 
tethers  that  was  not  modeled  in  the  simulation. 


Voltage  (V) 

Figure  8.  Flow  rate  vs.  piezo  peak  to  peak  voltage  at  3.5 
kHz  drive  frequency 

Concluding  Remarks 

A  piezoelectrically  driven  passive  valve  hydraulic 
micro-pump  operating  at  very  high  frequencies  and 
yielding  a  high  flow  rate,  of  2.5  ml/min  has  been 
successfully  fabricated  and  tested.  This  work  has 
demonstrated  the  technical  feasibility  of  critical  micro- 
fabrication  processes,  bulk  piezo-silicon  integration,  and 
fluid-filling  techniques,  and  thus  offers  exciting  prospects 
for  accomplishing  high  specific  power  micro-hydraulic 
transducers,  a  new  technology  under  development  at  MIT. 
A  more  rigorous  and  systematic  study  is  under  way  to 
better  understand  the  behavior  and  to  improve  the  micro- 
pump  performance  by  either  eliminating  or  exploiting  the 
fluidic  resonance  effects.  The  next  generation  micro¬ 
pumps,  currently  under  development,  will  feature  active 
valves  and  the  single  crystal  piezo  (PZN-PT)  element  for 
drive  both  in  the  pump  chamber  and  the*  valves.  As  a 
result,  a  ten-fold  increase  in  the  performance  is  expected. 
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Abstract — A  piezoelectricaUy  driven  hydraulic  amplification 
microvalve  for  use  in  compact  high-performance  hydraulic 
pumping  systems  was  designed,  fabricated,  and  experimentally 
characterized.  High-frequency,  high-force  actuation  capabilities 
were  enabled  through  the  incorporation  of  bulk  piezoelectric  ma¬ 
terial  elements  beneath  a  micromachined  annular  tethered-piston 
structure.  Large  valve  stroke  at  the  microscale  was  achieved 
with  an  hydraulic  amplification  mechanism  that  amplified 
(40  x  —50  x  )  the  limited  stroke  of  the  piezoelectric  material  into 
a  significantly  larger  motion  of  a  micromachined  valve  membrane 
with  attached  valve  cap.  These  design  features  enabled  the  valve 
to  meet  simultaneously  a  set  of  high  frequency  (>1  kHz),  high 
pressure(>300  kPa),  and  large  stroke  (20-30  /im)  requirements 
not  previously  satisfied  by  other  hydraulic  flow  regulation  mi¬ 
crovalves.  This  paper  details  the  design,  modeling,  fabrication, 
assembly,  and  experimental  characterization  of  this  valve  device. 
Fabrication  challenges,  such  as  deep-reactive  ion  etching  of  the 
piston  and  valve  membrane  structures,  wafer-level  silicon-to-sil- 
icon  fusion  bonding,  wafer-level  and  die-level  silicon-to-glass 
anodic  bonding,  preparation  and  integration  of  piezoelectric 
material  elements  within  the  micromachined  tethered  piston 
structure,  and  filling  of  degassed  fluid  within  the  hydraulic 
amplification  chamber  are  detailed.  [829] 

Index  Terms — Hydraulic  amplification,  MEMS,  micropump, 
microvalve,  piezoelectric. 


M.  I.  Introduction 

THE  development  of  a  fluidic  microvalve,  capable  of 
high-frequency  control  of  high-differential  pressure  liquid 
fluid  flows,  is  a  key  task  in  the  realization  of  compact  high  per¬ 
formance  micropumping  technology.  Currently,  many  research 
efforts  around  the  world  are  underway  to  develop  compact 
liquid  micropumping  systems,  the  term  “micro”  referring  to 
devices  which  are  created  with  fabrication  procedures  capable 
of  fim- size  tolerances  and  which  produce  overall  micropump 
dimensions  on  the  order  of  a  few  millimeters  to  a  few  centime¬ 
ters.  However,  the  vast  majority  of  these  systems  are  designed 
for  low  pressure  and  low  flow  rate  applications  (i.e.,  drug 
dispensing  and  microdosing)  [l]-[8].  The  higher  performing 
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of  these  systems  are  capable  of  pumping  liquids  with  flow 
rates  on  the  order  of  1000-3000  fiL/min  (0.017-0.050  mL/s) 
against  differential  pressures  of  no  more  than  10-50  kPa. 

In  an  effort  to  develop  higher  differential  pressure  and 
higher  flow  rate  micropumping  systems  for  both  actuation  and 
power  generation  applications,  a  novel  class  of  micro-hydraulic 
transducer  (MHT)  devices  has  been  introduced  [9]-[13].  These 
devices,  which  integrate  bulk  piezoelectric  materials  within  stiff 
micromachined  structures  to  form  a  fluid  pumping  chamber 
and  two  active  valves,  are  designed  to  enable  high  frequency 
pumping  of  fluid  (1-10  kHz)  against  pressure  differentials 
on  the  order  of  ~0.4-l  MPa,  creating  flow  rates  near  or  in 
excess  of  0.5  mL/s.  The  performance  of  these  MHT  systems  is 
directly  governed  by  the  pressurization,  stroke,  and  frequency 
capabilities  of  the  active  valves  employed.  The  development  of 
a  microvalve  for  use  within  these  MHT  systems  is  the  subject 
of  this  paper. 

Although  a  significant  amount  of  literature  is  available  de¬ 
scribing  the  development  of  active  valve  devices  and  technology, 
few  if  any  have  been  designed  for  high  frequency  control  of 
high  differential  pressure  liquid  fluid  flows.  Microvalve  designs 
using  thermopneumatic  actuation  [14],  [15],  thermal  bimetallic 
actuation  [16],  SMA  actuation  [17],  electrostatic  actuation 
[18],  [19],  electromagnetic  actuation  [20],  [21],  piezoelectric 
bender-type  actuation  (both  thin-film  and  thick  film)  [22],  [23], 
and  piezoelectric  stack-type  actuation  [24]-[26]  have  been 
presented.  All  of  these  microvalves  share  a  common  operational 
geometry  in  that  a  valve  cap  is  affixed  to  a  diaphragm  or  mem¬ 
brane  structure  which  carries  the  cap  through  a  predetermined 
stroke.  Based  on  the  reported  capabilities,  none  of  these  valves  is 
capable  of  simultaneously  satisfying  the  set  of  high  frequency, 
high  differential  pressure,  and  large  stroke  requirements  needed 
within  full  MHT  liquid  micropumping  systems. 

The  thermal  actuation  designs  (based  on  thermopneumatic, 
thermal  bimetallic,  and  shape  memoiy  alloy  principles)  po¬ 
tentially  can  achieve  large  stroke  and  reasonable  actuation 
force.  However,  these  devices  exhibit  excessive  power  con¬ 
sumption  and  poor  response  times  on  the  order  of  seconds. 
High-frequency  actuation  in  the  kHz  range  is  unachievable. 
The  electrostatic  devices  are  limited  in  their  deflection  and 
pressure  generation  capabilities,  since  the  electrostatic  force 
generated  between  two  parallel  plates  scales  inversely  with 
their  spacing  and  since  electrical  breakdown  across  the  gap 
must  be  avoided.  The  electromagnetic  concepts  are  impeded 
by  the  overall  size  of  external  solenoid  and  housing  structures 
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needed  to  actuate  the  valve  structure.  Piezoelectric  thin-film 
and  thick-film  bender-type  designs  are  limited  in  their  ability  to 
generate  both  high  force  and  large  deflection  output.  The  work 
in  [24]— [2 6]  aimed  at  solving  this  limited  valve  stroke  problem 
through  the  use  of  a  stack-type  piezoelectric  actuator  material 
attached  directly  to  the  valve  membrane.  In  order  to  achieve 
a  reasonable  stroke  of  8  fxmy  however,  the  piezoelectric  stack 
material  was  required  to  be  quite  long  (~9  mm),  and  the  valve 
membrane  structure  was  designed  to  be  relatively  compliant 
to  compensate  for  the  tolerance  mismatch  between  the  stack 
and  the  surrounding  structure.  These  characteristics  resulted  in 
limited  differential  pressure  (<  50  kPa)  and  limited  frequency 
(<  50  Hz)  capabilities  for  the  valve  device. 

A  promising  concept  for  achieving  high  frequency  opera¬ 
tion  (>1  kHz)  in  conjunction  with  large  differential  pressure 
(>300  kPa)  and  large  valve  stroke  (20-30  pm)  capabilities  in¬ 
volves  the  use  of  miniature-sized  bulk  piezoelectric  elements 
(for  example  1  mm  in  thickness — almost  an  order  of  magnitude 
smaller  in  length  than  those  in  [24]— [26]),  actuating  a  stiff  mi- 
cromachined  piston-type  structure,  with  an  integrated  area-ratio 
hydraulic  amplification  mechanism  for  amplifying  the  limited 
deflection  of  the  piezoelectric  material  into  a  significantly  larger 
yalve  cap  stroke.  This  concept  for  microscale  systems  has  been 
introduced  in  [12]  and  [13].  Numerous  macroscale  piezoelec¬ 
tric  hydraulic  amplification  mechanisms  have  been  presented  in 
the  literature.  In  an  application  for  active  vibration  control,  a 
piezoelectric  actuator  uses  the  volume  change  of  a  piezoelectric 
ring  to  create  a  large  deflection  of  a  smaller  area  contact  surface 
[27].  In  an  application  for  vibration  control  of  a  rotary  dynamic 
system,  the  deflection  of  a  stack-type  piezoelectric  actuator  is 
coupled  through  an  hydraulic  line  to  a  smaller  size  piston,  which 
helps  to  control  the  motion  of  a  rotating  shaft  [28].  These  and 
other  [29]  piezoelectric  hydraulic  amplification  mechanisms  are 
novel  in  design,  yet  do  not  face  the  difficult  fabrication,  as¬ 
sembly,  and  tolerancing  challenges  inherent  in  the  development 
of  microscale  systems. 

This  paper  details  the  development  of  a  compact  piezoelec¬ 
tric  hydraulic  amplification  microvalve  to  enable  the  realization 
of  high  frequency,  high  differential  pressure  micropumping  sys¬ 
tems.  The  paper  is  organized  as  follows.  Section  II  describes  the 
microvalve  geometry  and  its  principle  of  operation.  Section  III 
presents  modeling  tools  and  dynamic  simulations  that  were  de¬ 
veloped  to  design  the  valve  structure.  Section  IV  outlines  the 
fabrication  and  assembly  procedures  developed  to  create  the 
active  valve  device.  Section  V  details  the  results  of  two  sub¬ 
component  studies  carried  out  to  validate  the  concept  of  the  ac¬ 
tive  valve.  Section  VI  outlines  the  final  active  valve  design  ge¬ 
ometry.  Section  VII  presents  an  overview  of  the  measurement 
set-up  and  experimental  test  plan  to  evaluate  the  valve  perfor¬ 
mance.  Section  VIII  discusses  the  experimental  results  and  pro¬ 
vides  model-experiment  correlation  for  the  quasistatic  and  dy¬ 
namic  performance  of  the  active  valve  device.  Last,  Section  IX 
presents  conclusions  for  this  research  work. 

II.  Principle  of  Operation 

The  microvalve  geometry  is  shown  in  Fig.  1.  The  active  valve 
consists  of  three  primary  components:  a  piezoelectric  drive  ele¬ 
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Fig.  1.  A  schematic  of  the  piezoelectrically  driven  hydraulic  amplification 
microvalve.  The  primary  structural  components  are  designated  with  arrows. 
External  hydraulic  system  pressure  loading  is  applied  on  the  top  surface  of  the 
valve  cap  and  membrane. 


ment,  an  enclosed  hydraulic  amplification  chamber  (HAC),  and 
a  membrane  with  attached  valve  cap.  The  drive  element  incorpo¬ 
rates  a  circular  piston  structure  supported  from  beneath  by  one 
or  more  small  bulk  piezoelectric  cylinders  and  is  suspended  cir¬ 
cumferentially  from  a  surrounding  support  structure  by  thin  an¬ 
nular  micromachined  tethers.  This  novel  compact  “piston-type” 
design  enables  high  frequency  actuation  against  a  large  external 
pressurization  due  to  the  high  stiffness  of  the  piston  structure 
and  integration  of  miniature  bulk  piezoelectric  elements  beneath 
.  the  piston  using  a  thin-film  bond  layer. 

The  lateral  dimensions  of  the  tethers  are  designed  to  make 
the  tethers  compliant  enough  to  allow  for  rigid  piston  motion  up 
and  down,  yet  stiff  enough  to  resist  bowing  under  pressurization 
caused  by  the  hydraulic  fluid  above  the  tether  during  actuation. 
The  tethers  provide  a  seal  between  the  hydraulic  fluid  above  the 
piston  and  the  piezoelectric  chamber  below  the  piston,  and  also 
provide  a  path  for  electrical  contact  to  the  top  surface  of  the 
piezoelectric  cylinders.  The  fluid  chamber  resides  between  the 
top  surface  of  the  drive  element  piston  and  the  bottom  surface  of 
a  thin,  smaller  diameter  silicon  micromachined  valve  cap  mem¬ 
brane.  In  response  to  applied  piezoelectric  voltage,  the  piezo¬ 
electric  material  strains.  The  resulting  deflection  of  the  drive 
element  piston  generates  a  pressure  within  the  hydraulic  am¬ 
plification  chamber  which  in  turn  deflects  the  valve  cap  and 
membrane  against  a  fluid  orifice,  thereby  regulating  fluid  flow 
through  the  external  hydraulic  system.  The  pressure  loadings  on 
the  valve  cap  and  membrane  during  device  operation  depend  on 
the  external  microfluidic  system  application.  The  piezoelectric 
material  capabilities,  the  ratio  of  the  piston  diameter  to  the  valve 
membrane  diameter,  the  compliances  of  the  fluid  and  structural 
elements  in  the  chamber,  the  severity  to  which  the  valve  cap 
membrane  experiences  nonlinear  behavior,  and  the  nature  of  the 
external  loading  all  contribute  to  the  performance  of  this  mi¬ 
crovalve  device. 
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Fig.  2.  Structural  components  included  within  active  valve  analytical  model. 
All  structures  were  modeled  using  linear  theory,  except  for  the  valve  cap  and 
membrane  structure,  which  required  the  development  of  nonlinear  numerical 
modeling  tools. 


in.  Modeling  and  Simulation 

Comprehensive  quasistatic  and  dynamic  analytical  modeling 
tools  were  developed  in  an  effort  to  design  the  valve  structure 
based  on  operational  requirements  and  subsequently  to  predict 
the  valve  behavior  in  response  to  applied  piezoelectric  material 
voltage  and  external  pressure  loading.  As  shown  in  Fig.  2,  the 
piezoelectric  material  behavior,  the  bending  of  the  drive  element 
piston  and  deformation  of  the  annular  tethers,  the  hydraulic  am¬ 
plification  chamber  fluid  compressibility,  the  structural  compli¬ 
ance  of  the  top  support  plate,  the  structural  deformation  of  the 
bottom  support  plate,  and  the  deformation  of  the  valve  cap  and 
membrane  structure  were  captured  by  these  modeling  tools  (see 
Fig.  3). 

The  deformations  of  the  plate  structures  were  modeled  using 
bending  and  shearing  relations  to  determine  the  structural  de¬ 
flections  and  fluid  swept  volumes.  Detailed  discussions  of  these 
active  valve  modeling  procedures  are  found  in  previous  pub¬ 
lications  [12],  [13].  Although  the  majority  of  structural  defor¬ 
mations  within  the  valve  could  be  evaluated  using  linear  plate 
theory,  the  modeling  of  the  valve  cap  and  membrane  structure 
had  to  include  in-plane  tensile  relations  to  properly  capture  the 
nonlinear  large  deflection  behavior  associated  with  valve  cap 
deflections  in  excess  of  the  membrane  thickness.  Associated 


Fig.  3.  Numerical  modeling  tools  were  used  to  generate  look-up  tables 
for  the  nonlinear  large  deflection  behavior  of  the  valve  cap  and  membrane. 
Given  a  prescribed  valve  cap  displacement  Zvc  and  pressure  loading  across 
the  membrane  Pvm,  a  look-up  table  for  each  of  Fvc,  dVVTnr,  and  <rvm  was 
generated. 

numerical  modeling  tools,  detailed  in  [30],  were  incorporated 
into  the  overall  active  valve  structural  model  for  this  purpose. 

To  capture  the  nonlinear  effects  of  the  valve  membrane  de¬ 
formation  at  high  frequency,  and  to  include  important  dynamic 
effects,  such  as  the  drive  element  piston  inertia  and  the  valve  cap 
inertia  and  damping,  a  Simulink  simulation  architecture  was  de¬ 
veloped.  The  structural  compliances  within  the  active  valve  sim¬ 
ulation  were  based  upon  the  linear  and  nonlinear  modeling  tools 
discussed  above.  Look-up  tables  were  implemented  within  the 
simulation  to  enable  efficient  calculation  of  the  valve  membrane 
deflections  and  stresses  at  every  time  step.  Taking  as  inputs  the 
valve  cap  displacement  Zvc  and  the  net  pressure  across  the  valve 
membrane  Pvm  =  Ph  ac  -  Pout  >  a  lookup  table  was  employed 
for  each  of  the  following  output  variables:  the  valve  cap  force  on 
the  membrane  Fvc,  the  swept  volume  beneath  the  valve  cap  and 
membrane  dVvm,  and  the  maximum  radial  stress  in  the  mem¬ 
brane  0*1)771. 

Dynamic  relations  for  the  valve  cap  and  drive  element  piston, 
schematically  shown  in  Fig.  4,  were  also  implemented  to  incor¬ 
porate  structural  mass  and  damping.  The  dynamic  behavior  of 
the  drive  piston  structure  and  the  valve  cap  structure  can  be  de¬ 
scribed  by  the  following  relations,  respectively, 

Afpis Z$e  +  CpisZfe  =  ApPp  “  Phac  F±e  (1) 

MVCZVC  +  CvcZvc  =  Avc(F>HAC  ^In)  -F  Fvc  (2) 

where  Apis  is  the  piston  area,  Mpis  is  the  piston  mass,  Ap  is  the 
piezoelectric  material  area,  Avc  is  the  valve  cap  area,  and  Mvc 
is  the  valve  cap  mass.  The  damping  coefficient  Cpis  is  a  lumped 
parameter  that  includes  the  effects  of  structural  damping  in  the 
tethers  and  damping  due  to  fluid-structural  interaction  within 
the  hydraulic  amplification  chamber.  The  damping  coefficient 
Cvc  is  a  lumped  parameter  that  includes  the  effects  of  struc¬ 
tural  damping  in  the  valve  membrane  and  potential  squeeze  film 
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Fig.  4.  Dynamic  modeling  of  the  valve  cap  and  drive  element  piston 
structures:  (a)  valve  cap  mass,  Mvc ,  and  damping,  Cvc ;  (b)  piston  mass,  Mpi„ 
and  damping,  Cpi..  Values  for  the  damping  coefficients  were  estimated,  then 
verified  through  experimentation. 
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Fig.  5.  Valve  orifice  representation:  (a)  valve  cap  geometry  and  fluid  flow 
areas  and  (b)  representation  of  flow  through  valve  as  a  flow  contraction  followed 
by  a  flow  expansion. 


damping  due  to  the  valve  cap  motion  as  it  closes  against  the  fluid 
orifice. 

Pressure-flow  relations  through  the  valve  orifice  were  in¬ 
cluded  in  the  overall  valve  simulation,  with  the  orifice  structure 
being  represented  by  a  flow  contraction  followed  by  a  flow 
expansion.  An  integral  analysis  gives  a  relationship  for  the 
combined  effect  of  this  flow  expansion  and  contraction.  The 
loss  coefficient  Wi/ic*  is  defined  as  the  total  pressure  drop 
AF  =  PIN  -  Pout  over  the  dynamic  pressure  based  on  the 
orifice  local  mean  velocity  ( u  —  Q/A0), 


^orifice  — 


AP 


where  the  upstream  flow  area  is  defined  as  Ai,  the  throat  area 
is  defined  as  A0,  and  the  downstream  flow  area  is  defined  as  A 2 
(see  Fig.  5). 

This  approximation  holds  only  for  Reynolds  numbers  in 
excess  of  10000  (i.e.,  fully  turbulent  flow).  In  high-perfor¬ 
mance  micropumping  systems,  Reynolds  numbers  fluctuating 
between  10  and  20000  are  expected  as  the  valve  cap  opens  and 
closes  [31].  For  this  reason,  empirical  correction  factors  were 
employed  to  obtain  better  estimates  for  the  loss  coefficients 
of  the  laminar  and  turbulent  flow  regimes  within  this  range 
[31].  These  higher  order  loss  effects  were  represented  with  a 
Reynolds  number  dependent  coefficient  C{Re)  as  a  multiplier 
of  Wfice,  thereby  altering  the  pressure-flow  relation  for  the 
orifice, 


AP  -  PIN  -  Pqut  =  ^pC(Re)<; orifice  •  (4) 

The  structural  and  fluidic  modeling  tools  presented  in  this 
section  were  combined  to  form  a  system-level  Simulink  sim¬ 
ulation  that  was  then  used  to  design  the  active  valve  geometry 


to  satisfy  performance  requirements  and  to  provide  model  cor¬ 
relation  for  subsequent  experimental  results.  The  simulation  ar¬ 
chitecture  for  the  structural  components  of  the  active  valve  con¬ 
sisted  of  four  major  subsystems,  as  shown  in  Fig.  6:  a  matrix 
of  linear  coefficients  describing  the  active  valve  structural  be¬ 
havior,  including  that  of  the  piezoelectric  material,  a  collection 
of  nonlinear  look-up  tables  that  captures  the  large-deflection 
valve  membrane  deformation  and  stress  behavior,  a  valve  cap 
dynamics  block,  and  a  drive  piston  dynamics  block. 

IV.  Fabrication  and  Assembly 

The  fabrication  process  flow  for  the  microvalve  involved 
the  micromachining  and  assembly  of  three  silicon-on-insulator 
layers,  two  silicon  layers,  and  four  glass  layers.  A  cross-section 
schematic  of  the  microvalve  device  is  shown  in  Fig.  7.  The 
drive  element  tethered-piston  structure  was  created  through 
deep-reactive  ion  etching  of  Layers  4  and  5  separately,  followed 
by  wafer-level  fusion  bonding  of  the  two  wafers  together  to 
form  a  double-layer  piston  structure.  During  etching  of  the 
annular  tethers  in  each  of  Layers  4  and  5,  control  of  the  fillet 
radii  at  the  oxide  etch-stop  was  critical,  in  order  to  minimize 
stress  concentrations  [32],  [33].  Fig.  8  presents  scanning-elec¬ 
tron  micrograph  (SEM)  images  of  a  Layer  4  piston  structure 
with  well-controlled  fillet  radii,  prior  to  bonding  with  Layer  5. 
The  valve  cap  and  membrane  structure  was  also  created  using 
deep-reactive  ion  etching,  with  a  similar  requirement  for  good 
dimensional  control  of  the  fillet  radii. 

The  middle  glass  layer  (Layer  3)  forms  the  drive  element 
support  structure  and  the  top  (Layer  9)  and  bottom  (Layer  1) 
glass  layers  provide  structural  support.  The  bottom  silicon  layer 
(Layer  2)  and  drive  piston  silicon  layers  (Layers  4,5)  provide 
a  path  for  electrical  contact  to  the  piezoelectric  cylinders.  The 
top  four  silicon  layers  (Layers  4, 5,7,8)  and  glass  layer  (Layer  6) 
house  the  hydraulic  amplification  chamber,  valve  cap  and  mem¬ 
brane  structure,  and  fluid  inlet  and  outlet  channels.  In  order  to 
provide  a  bottom  structural  stop  for  the  valve  cap  as  it  moves 
away  from  the  orifice,  the  Layer  6  glass  layer  was  designed 
with  a  series  of  small  through  holes  to  connect  the  bottom  por¬ 
tion  of  the  hydraulic  amplification  chamber  above  the  drive  el¬ 
ement  piston  to  the  top  portion  of  the  chamber  directly  beneath 
the  valve  cap  and  membrane.  Although  not  shown  in  Fig.  7, 
a  small  fluid  channel  connecting  the  valve  HAC  chamber  to 
an  external  pressure  regulator  was  micromachined  in  Layer  7. 
This  channel  enabled  control  of  a  bias  pressure  P^i M  within 
the  chamber  during  device  testing,  however,  due  to  its  flow 
impedance  characteristics,  effectively  allowed  high  frequency 
^Phac  pressure  oscillations  about  the  bias  pressure  during  ac¬ 
tive  valve  operation.  All  glass  wafers  were  machined  ultrason- 
ically.  All  silicon-silicon  wafer  interfaces  were  bonded  with  a 
wafer-level  high-temperature  (~  1300  °C)  fusion  bonding  pro¬ 
cedure,  and  all  silicon-glass  layer  interfaces  were  bonded  using 
a  low  temperature  (~  300  °C)  anodic  bonding  process  (either 
at  the  wafer-level  or  die-level  depending  on  the  process  step) 
with  an  applied  voltage  of  1000  V.  Thin  venting  channels  were 
etched  in  Layers  4  and  5  to  prevent  pressurization  and  potential 
plastic  deformation  or  fracture  of  the  piston  tethers  during  the 
high  temperature  fusion  bonding  procedure.  Attachment  of  the 
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Fig.  6.  Dynamic  Simulink  active  valve  system  architecture,  showing  linear  structural  deformation  matrix,  valve  cap  and  membrane  nonlinear  look-up  tables, 
valve  cap  dynamics  block,  and  drive  element  piston  dynamics  block.  The  fluid  flow  blocks  are  not  shown  in  this  figure. 
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Fig.  7.  Two-dimensional  schematic  of  the  multilayer  silicon  and  glass 
microvalve  structure.  Five  silicon  layers,  four  glass  layers,  and  one  or  more 
piezoelectric  material  cylinders  are  joined  together  to  form  the  microvalve. 
Enclosed  fluid  within  the  hydraulic  amplification  chamber  couples  the  drive 
element  piston  deflection  to  the  valve  cap  motion. 

top  and  bottom  piezoelectric  cylinder  surfaces  to  the  adjoining 
silicon  was  achieved  with  a  low  temperature  (~  300  °C)  AuSn 
eutectic  bond,  as  detailed  in  [11],  [34]. 

A  four  layer  film  structure  on  the  piezoelectric  material  and  a 
three  layer  film  structure  on  each  of  the  adjoining  silicon  layers 
was  deposited  in  preparation  for  bonding.  The  four  layer  struc¬ 
ture  on  the  piezoelectric  material  consisted  of  50  nm  Ti,  250  nm 
Pt,  4000  nm  AuSn,  and  50  nm  Au.  The  Ti  served  as  an  adhe¬ 
sion  layer,  the  Pt  as  a  diffusion  barrier,  and  the  final  Au  as  a 
capping  layer  to  prevent  oxidation  of  Sn  in  the  AuSn  alloy.  The 
AuSn  layer,  chosen  to  be  thick  enough  (4  /x m)  to  compensate  for 


the  piezoelectric  material  surface  roughness  0.5  /xm),  was 
sputtered  from  an  alloy  target  with  80  wt.  %  Au  and  20  wt.  % 
Sn  composition.  The  three  layer  Ti-Pt-Au  structure  on  each  of 
the  adjoining  silicon  pieces  enabled  the  eutectic  alloy  to  wet  the 
silicon  and  was  deposited  on  the  die-level  using  e-beam  evapo¬ 
ration  procedures. 

One  of  the  critical  issues  during  integration  of  the  piezoelec¬ 
tric  material  elements  was  guaranteeing  an  upward  deflection 
of  the  drive  element  piston  large  enough  to  ensure  a  preload  on 
the  eutectic  alloy  interface  during  bonding,  yet  small  enough 
to  ensure  that  stresses  in  the  piston  tethers  during  bonding  and 
subsequent  high-frequency  operation  were  below  critical  levels. 
Typically,  for  the  active  valve  structures  developed  in  this  re¬ 
search,  limiting  tether  stresses  near  1  GPa  [33]  were  reached 
for  piston  deflections  approaching  10  /xm.  With  a  conservative 
safety  factor  taken  into  account,  the  devices  were  therefore  toler- 
anced  such  that  a  “piston  push-up”  of  ~  2  /xm  could  be  guaran¬ 
teed.  This  tolerancing,  shown  in  Fig.  9,  was  achieved  by  plasma 
etching  shallow  seats  (typically  30-40  /xm  in  depth)  beneath  the 
piezoelectric  element  location  in  Layer  2. 

Following  the  assembly  of  the  active  valve  device,  a  proce¬ 
dure  was  carried  out  to  pole  the  piezoelectric  material  within 
the  drive  element  structure.  This  was  done  by  heating  the  device 
to  70  °C  and  applying  an  electric  field  across  the  piezoelectric 
element  of  1000  V/mm.  Once  poled,  the  hydraulic  amplifica¬ 
tion  chamber  of  the  device  was  filled  and  sealed  with  degassed 
silicone  oil,  as  detailed  in  [35],  The  active  valve  device  was, 
at  this  point,  ready  for  testing.  A  photograph  of  a  completed 
nine-layer  microfabricated  valve  is  shown  in  Fig.  10,  as  part  of 
a  full  chip-level  MHT  micropumping  system. 
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Fig.  9.  Tolerancing  of  (be  piezoelectric  element  within  the  drive  element 
structure  was  accomplished  by  etching  shallow  seats  in  the  top  surface  of 
Layer  2.  Precise  control  of  the  etch  depth  was  necessary  to  achieve  a  controlled 
“push-up”  of  the  drive  element  piston  during  bonding  operations. 

V.  Valve  Subcomponent  Validations 

The  development  program  for  this  active  valve  device  in¬ 
volved  the  validation  of  two  primary  subcomponent  device  plat¬ 
forms  prior  to  assembly  and  characterization  of  the  complete 
active  valve  device.  These  two  subcomponent  platforms  were 
1)  the  piezoelectric  drive  element  structure,  encompassing  the 
challenge  of  integrating  the  miniature  piezoelectric  element(s) 
beneath  the  micromachined  tethered  piston  structure  and  2)  the 
hydraulic  amplification  unit,  as  a  means  to  prove  the  capability 
to  fill  the  HAC  chamber  with  degassed  fluid  and  to  achieve  am¬ 
plification  of  the  piston  motion  into  a  significantly  larger  valve 
cap  deflection. 

A.  Drive  Element  Subcomponent  Validation 

The  purpose  of  this  effort  was  to  evaluate  the  fabrication  and 
assembly  process  flow  for  integrating  piezoelectric  material  ele¬ 
ments  within  the  micromachined  drive  element  structure  and  to 
obtain  quasistatic  and  high-frequency  experimental  data  on  the 


completed  actuator  structures.  The  previously  published  work 
[11]  provides  a  comprehensive  overview  of  this  subcomponent 
study.  In  general,  this  study,  through  the  assembly  and  testing  of 
a  series  of  drive  element  devices,  proved  the  ability  to  integrate 
both  single  and  multiple  (three)  piezoelectric  material  elements 
beneath  double-layer  micromachined  tethered-piston  structures, 
as  shown  in  Fig.  11.  The  presence  of  three  elements  spread  out 
beneath  the  piston  enabled  higher  stiffness  actuation  capabilities 
by  eliminating  tilting  and  bending  behavior  of  the  piston  struc¬ 
ture.  Additionally,  this  study  verified  that  high-strain  capability 
single-crystal  (PZN-PT)  piezoelectric  material  [36],  in  addition 
to  standard  polycrystalline  PZT-5H  material,  could  be  success¬ 
fully  incorporated.  Three -cylinder  PZN-PT  devices  were  exper¬ 
imentally  characterized  up  to  a  frequency  of  200  kHz  for  drive 
voltages  between  50  V  and  1000  V.  Results  showed  that  these 
microactuator  structures  exhibited  negligible  bending  and  tilting 
for  quasistatic  operation  up  to  15  kHz  and  that  first  modal  be¬ 
havior  did  not  occur  until  frequencies  in  excess  of  80  kHz  [11]. 

B.  Hydraulic  Amplification  Validation 

The  purpose  of  this  effort  was  to  validate  the  concept  of  hy¬ 
draulic  amplification  between  the  piston  and  valve  cap  struc¬ 
tures.  HAC  devices,  consisting  of  Layers  4  through  9,  were  con¬ 
structed  to  validate  fluid  filling  and  device  operation  without  the 
effects  of  piezoelectric  material  integration  beneath  the  piston 
structure.  The  previously  presented  work  [35]  provides  a  com¬ 
prehensive  overview  of  this  subcomponent  study.  The  assem¬ 
bled  devices  were  successfully  filled  with  degassed  silicone  oil 
(hexamethyldisiloxane,  produced  by  Dow  Coming  under  the 
trade  name  DC200  0.65  centistoke)  and  device  amplification  ra¬ 
tios  up  to  40  x  were  measured. 
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Fig.  10.  Photograph  of  a  nine-layer  silicon  and  glass  piezoelectrically  driven  hydraulic  amplification  microvalve,  as  part  of  a  full  MHT  system.  Dimensions  of 
the  valve  structure  within  the  full  MHT  chip  are  8  mmx  8  mmx  5  mm. 
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Fig.  1 1 .  Three-dimensional  schematic  of  a  piezoelectric  drive  element  device. 
Three  piezoelectric  cylinders  are  sandwiched  between  a  lower  support  silicon 
layer  and  an  upper  double  silicon  layer  tethered-piston  structure.  Voltage  is 
carried  along  the  upper  and  lower  silicon  layers. 


VI.  Final  Active  Valve  Dimensions 

The  dimensions  of  the  fabricated  final  active  valve  device  are 
illustrated  in  Fig.  12.  The  device  incorporated  three  PZN-PT 
piezoelectric  square  elements  (each  with  cross-sectional  area 
1.06  mmx  1.06  mm)  beneath  a  double-layer  tethered  piston 
structure.  The  top  and  bottom  tethers  of  the  piston  were  each 
250  /xm  in  width  and  each  had  a  thickness  of  8  /xm.  A  valve  cap 
and  membrane  structure  was  positioned  above  the  hydraulic 
amplification  chamber,  with  a  structural  stop  (formed  by  the 
glass  Layer  6  within  the  HAC  chamber)  ~  16.5  /xm  below  the 
equilibrium  position  of  the  valve  cap.  Glass  Layer  6  contained 
a  series  of  “HAC  through-holes”  to  carry  the  fluid  from  the 
lower  to  upper  portion  of  the  HAC  chamber.  The  valve  cap 
had  a  diameter  of  500  /xm  and  the  valve  membrane  had  an 
outer  diameter  of  1400  /xm  and  thickness  of  6  /xm.  A  valve 
orifice  was  located  ~  16.5  /xm  above  the  valve  cap  equilibrium 
position.  The  orifice  had  an  inner  diameter  of  450  /xm. 
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Fig.  12.  Dimensions  of  the  fabricated  active  valve  devices.  Three  square 
PZN-PT  elements  were  incorporated  beneath  a  double-layer  tethered  piston. 
A  valve  cap  and  membrane  structure  interacts  with  the  fluid  orifice  structure 
at  Zvc  —  +16.5  /im  and  with  the  glass  Layer  6  structure  within  the  HAC 
chamber  at  Zvc  =  —16.5  /rm. 


VII.  Experimental  Test  Plan 

Testing  of  the  active  valve  device  was  divided  into  two  pri¬ 
mary  efforts.  The  first  effort  focused  on  characterizing  the  ac¬ 
tuation  capabilities  of  the  valve  structure  without  the  effects  of 
differential  pressure  and  flowing  fluid  above  the  structure.  In 
this  effort,  the  dynamic  behavior  of  the  active  valve  device  was 
evaluated  and  the  range  of  driving  frequency  for  which  the  valve 
behaved  in  a  quasistatic  manner  was  determined.  Additionally, 
at  the  determined  maximum  quasistatic  operational  frequency. 
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the  structural  amplification  ratio  of  the  valve  device  was  charac¬ 
terized  as  a  function  of  applied  voltage  to  the  piezoelectric  drive 
element.  Once  the  device  was  proven  to  be  a  successful  actu¬ 
ator,  the  second  effort  focused  on  evaluating  its  flow  regulation 
capabilities  and  limitations.  In  this  effort,  the  flow  regulation 
capability  of  the  valve  device  at  the  maximum  quasistatic  oper¬ 
ational  frequency  of  the  structure  was  evaluated  as  a  function  of 
increasing  differential  pressure  across  the  valve  orifice.  In  this 
manner,  the  valve  performance  limitations  could  be  determined 
as  the  differential  pressure  was  increased. 

The  aforementioned  tests  required  the  development  of 
testing  rigs  and  experimental  procedures  to  measure  accurately 
the  drive  element  piston  and  valve  cap  structural  vibrations 
within  the  multilayered  device.  A  laser  vibrometer  system, 
with  a  micro-lens  attachment,  was  used  for  these  vibration 
measurements  [37].  The  active  valve  chip-level  device  was 
mounted  in  a  test-jig  which  included  fluid  inlet  and  outlet 
ports  to  the  chip,  as  well  as  through-holes  for  alignment  of  the 
vibrometer  laser  beam  on  the  key  structural  components  within 
the  device.  The  accompanying  fluids  testing  rig  was  comprised 
of  fluid  reservoirs,  absolute  and  differential  pressure  sensors 
for  measuring  the  inlet  and  outlet  pressures  into  the  device, 
and  a  calibrated  real-time  flow  sensor  for  measuring  flow  rates 
through  the  valve.  Additionally,  a  data-acquisition  system  was 
implemented  to  enable  real-time  drive  signals  to  the  device  and 
measurements  from  the  device  and  testing  rig. 

VIII.  Results  and  Discussion 
A.  Device  Actuation  Capabilities 

To  characterize  the  frequency-dependent  behavior  of  the  ac¬ 
tive  valve  device,  a  low-voltage  (0  V  ±  5  V)  sweep  signal  from 
500  Hz  to  100  kHz  was  applied  to  the  piezoelectric  drive  ele¬ 
ment  structure.  The  valve  cap  and  piston  velocities  were  mea¬ 
sured  using  the  laser  vibrometer  system.  The  corresponding  dis¬ 
placements  were  obtained  through  post-process  integration  of 
the  velocity  signals.  Fig.  13  overlays  the  frequency  response  of 
the  drive  element  piston  with  that  of  the  valve  cap,  for  the  case 
in  which  oil  is  present  above  the  valve  structure  but  for  which  no 
differential  pressure  or  flowing  fluid  occurred  across  the  valve 
orifice.  These  tests  were  performed  with  Pb iaa  =  500  kPa  to 
eliminate  the  possibility  of  cavitation  within  the  HAC  chamber. 
Additionally,  the  pressures  above  the  valve  cap  and  membrane 
were  maintained  at  PIN  =  POUt  =  500  kPa. 

The  piston  and  valve  responses  both  followed  the  same  pat¬ 
terns  across  the  frequency  range.  The  valve  first  modal  fre¬ 
quency  was  observed  to  occur  at  ~5  kHz.  The  additional  peaks 
in  the  response  were  most  likely  a  result  of  fluid-structure  inter¬ 
actions  between  the  oil  and  the  experimental  test-jig  flow  tubes 
external  to  the  device  or  between  the  oil  and  the  flow  channels 
internal  to  the  device.  The  increase  in  piston  displacement  am¬ 
plitude  at  frequencies  below  1  kHz  was  due  to  measurement  lim¬ 
itations  in  the  vibrometer  system.  Below  1  kHz,  the  measured 
velocities  were  of  the  same  order  as  the  noise  floor,  whereas 
at  higher  drive  frequencies,  the  measured  velocities  were  suffi¬ 
ciently  above  the  noise  floor  to  provide  accurate  measurements. 
The  results  indicate  that  the  amplification  ratio  of  the  valve  de¬ 
vice  was  steady  (between  40  x  -50x)  over  the  range  of  fre¬ 
quencies  below  resonance. 


Valve  Cap,  Piston  Frequency  Response:  Pbias=500kPa,  V=0V+-5V 


Fig.  13.  Low-voltage  (0  V  ±  5  V)  piston  and  valve  cap  frequency  responses 
from  500  Hz  to  100  kHz,  with  oil  present  above  fee  valve  structure.  The  top 
figure  plots  the  valve  cap  and  piston  amplitudes,  while  the  bottom  figure  plots 
the  corresponding  phase.  The  bias  pressure  in  these  tests  was  maintained  at 
Phi-  =  500  kPa.  An  amplification  ratio  between  40  x  -50 x  is  observed 
for  frequencies  below  5  kHz. 

The  previous  frequency  sweep  experimental  tests  found  the 
1st  modal  frequency  of  the  device  to  be  ~5  kHz.  In  order  to 
evaluate  the  quasistatic  performance  of  the  structure  under  the 
larger  drive  voltage  levels  at  which  the  valve  was  designed  to 
operate,  a  frequency  of  operation  of  1  kHz  was  chosen.  Fig.  14 
plots  the  valve  cap  and  piston  displacement  time  histories,  re¬ 
spectively,  at  this  drive  frequency  over  a  range  of  applied  volt¬ 
ages  from  50  Vpp  to  800  Vpp.  In  Fig.  14(a),  the  dotted  lines 
at  -f-16.5  pm  and  -16.5  pm  indicate  the  position  of  the  upper 
and  lower  valve  stops,  respectively.  For  an  applied  voltage  of 
50  Vpp,  the  response  of  the  valve  cap  was  purely  sinusoidal. 

As  the  voltage  was  increased  to  800  Vpp,  the  resulting  valve 
cap  displacement  time  history  contained  small  amplitude  higher 
frequency  (~5  kHz)  oscillations  due  to  the  nonlinear  nature  of 
the  valve  membrane  structure.  These  oscillations  became  more 
pronounced  as  the  voltage  was  increased.  In  Fig.  14  (b),  the  drive 
element  deflection  time  histories  were  somewhat  rough  in  na¬ 
ture  due  to  the  noise  level  of  the  measurement  system.  As  the 
deflections  increased  in  amplitude,  the  effect  of  this  noise  floor 
diminished.  It  is  important  to  note  that  for  a  voltage  of  800  V, 
the  valve  was  not  deflected  sufficiently  to  close  against  the  valve 
orifice.  This  was  due  to  the  fact  that  the  actual  piezoelectric  ma¬ 
terial  coefficient  was  only  ~15%  of  the  expected  value  used  for 
the  original  valve  design  (see  further  discussion  in  subsequent 
paragraphs). 
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Fig.  14.  Experimental  valve  cap  and  piston  deflection  time  histories  for  a 
series  of  1  kHz  sinusoidal  drive  voltage  levels.  As  the  voltage  was  increased, 
small  amplitude  5  kHz  oscillations  appeared  in  the  deflection  responses.  Note 
that  a  voltage  of  800  Vpp  was  not  sufficient  to  close  valve  cap  against  the  valve 
orifice. 

Fig.  15  takes  these  deflection  time  histories  and  plots  the 
valve  cap  peak-peak  displacement,  piston  peak-peak  displace¬ 
ment,  and  corresponding  device  amplification  ratio  as  a  func¬ 
tion  of  applied  voltage  to  the  piezoelectric  drive  element.  The 
amplification  ratio  was  observed  to  decrease  from  50  to  40  as 
the  voltage  was  increased,  as  illustrated  in  Fig.  15(c). 

If  the  structural  system  was  composed  of  elements  operating 
only  in  their  linear  deformation  regimes,  this  amplification 
ratio  would  remain  constant  over  the  voltage  range.  Due  to  the 
nonlinear  stiffness  of  the  valve  membrane,  however,  constant 
incremental  changes  in  voltage  result  in  increased  incremental 
changes  in  the  chamber  pressure  and  reduced  incremental 
changes  in  valve  cap  deflection,  as  shown  in  Fig.  15(a).  A 
similar  result  for  the  piston  deflection  is  shown  in  Fig.  15(b). 
This  curve,  however,  exhibits  slightly  more  linearity  than  the 
valve  cap  deflection  curve,  due  to  the  increased  incremental 
changes  in  compressed  fluid  volume  change  and  structural 
chamber  deformation  as  the  voltage  is  increased.  In  essence, 
as  the  voltage  is  increased,  a  smaller  percentage  of  the  piston 
swept  volume  is  transformed  into  valve  membrane  swept 
volume,  thereby  resulting  in  a  decreasing  amplification  ratio. 

Fig.  15  also  includes  model  predictions  for  this  behavior. 
Shown  on  this  plot  are  three  curves  generated  from  the  ac¬ 
tive  valve  simulation  tools  discussed  previously.  The  first 
curve  is  the  predicted  response  based  on  the  assumed  piezo- 
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Fig.  15.  Active  valve  quasistatic  1  kHz  model  correlation  for  increasing 
applied  voltage:  (a)  the  valve  cap  deflection  curve  was  5-10%  below  the 
limiting  bounds  for  d33  =  1300  —  1500  pCfN,  (b)  the  piston  deflection 
curve  fell  within  the  limiting  bounds  for  large  voltage,  and  (c)  the  device 
amplification  ratio  (between  40  x  and  50  x)  agreed  very  closely  with  the 
predicted  limiting  bounds. 


electric  material  coefficient  value  of  t/33  =  2000  pC/N 
used  in  the  original  design  of  the  active  valve  device.  The 
second  two  model  curves  are  based  on  limiting  values  of 
d33  =  1300  -  1500  pC/N  determined  by  measuring  a  large 
number  of  individual  piezoelectric  elements  and  observing  the 
range  of  piezoelectric  coefficients.  Active  valve  performance 
was  therefore  compared  to  these  limiting  model  cases  rather 
than  the  ideal  case  since  the  piezoelectric  elements  were  deter¬ 
mined  to  be  inferior  to  original  design  assumptions.  The  model 
correlation  indicates  that  the  experimental  valve  cap  deflection 
curve  falls  slightly  short  (at  800  Vpp  for  example,  the  cap 
deflection  was  26  /imP-P  versus  the  predicted  31  /zmP-P)  of 
the  prediction  limits  for  d33  —  1300  -  1500  pC/N,  while  the 
experimental  piston  deflection  curve  falls  within  these  limits 
for  large  enough  applied  voltage.  Based  on  these  results,  it  can 
be  concluded  that  an  additional  compliance  mechanism  must 
exist  within  the  HAC  chamber,  most  likely  due  to  a  smaller  than 
expected  value  of  fluid  bulk  modulus.  A  fluid  bulk  modulus 
of  Kf  =  2  GPa  was  assumed  in  the  active  valve  models  and 
simulations  [37].  The  corresponding  device  amplification  ratio, 
as  shown  in  Fig.  15(c)  decreased  slightly  from  ~  50  x  for  a  low 
voltage  of  100  Vpp  to  ~  40  x  for  a  high  voltage  of  800  Vpp, 
consistently  within  5-10%  of  the  limiting  model  predictions. 
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TABLE  I 

Active  Valve  Actuation  Capabilities 


Performance 

Characteristics 

Experimental 

Results 

Model 

Predictions 

1st  Modal  Frequency 

5  kHz 

14  kHz 

Piston  Deflection 
(01kHz,  800Vpp) 

0.65/im  pp 

0.72 pm  pp 

Valve  Cap  Deflection 
(QlkHz,  800Vpp) 

26pm  pp 

31/im  pp 

Amplification  Ratio 
(01kHz,  800Vpp) 

40x 

43x 

Table  I  summarizes  the  critical  actuation  capabilities  of  the 
active  valve  device  in  comparison  to  model  predictions.  As  dis¬ 
cussed  previously,  the  valve  1st  modal  frequency  occurred  at 
~5  kHz.  Finite-element  models  of  this  valve  structure  had  pre¬ 
dicted  a  1st  modal  frequency  of  14  kHz,  however,  these  models 
did  not  include  the  presence  of  oil  above  the  valve  cap  and  mem¬ 
brane  structure.  It  was  this  added  mass  of  the  oil  that  reduced  the 
1st  modal  frequency  of  the  valve  structure.  Future  modeling  of 
the  valve  should  more  carefully  include  this  added  mass  effect 
when  predicting  modal  behavior.  As  for  quasi  static  operation  at 
1  kHz,  as  already  discussed,  the  measured  device  valve  cap  de¬ 
flection  fell  slightly  short  of  predictions.  However,  the  amplifi¬ 
cation  ratio  was  in  excellent  agreement  with  model  predictions. 
Overall,  this  encouraging  device  performance  enabled  further 
investigations  into  the  valve’s  flow  regulation  capabilities. 

B.  Device  Flow  Regulation  Capabilities 

To  evaluate  the  capability  of  the  active  valve  device  to  reg¬ 
ulate  flow  at  1  kHz,  a  series  of  tests  was  carried  out  for  in¬ 
creasing  imposed  differential  pressure  across  the  valve  orifice. 
Flow  regulation  tests  were  performed  for  differential  pressures 
Pin  -  Pout  =  24  kPa,  95  kPa,  145  kPa,  200  kPa,  260  kPa, 
and  340  kPa  A  volatile  silicone  oil  (hexamethyldisiloxane,  pro¬ 
duced  by  Dow  Coming  under  the  trade  name  DC200  0.65  cen- 
tistoke)  was  used  as  the  flow  regulation  fluid.  By  controlling 
Phac  with  respect  to  the  magnitude  of  PIN  and  Pout  (using  the 
high-frequency  channel  and  corresponding  bias  pressure  regu¬ 
lator  set-up  discussed  previously),  the  valve  cap  was  displaced 
statically  upward  to  a  deflection  of  Zvc  =  11  pm.  A  sinusoidal 
voltage  of  500  Vpp  was  then  applied  to  the  piezoelectric  drive 
element  at  1  kHz  to  actuate  the  valve  cap  upward  against  the 
valve  orifice  and  downward  toward  the  original  equilibrium  po¬ 
sition  of  the  valve  cap.  In  all  test  runs,  it  was  desired  to  just 
barely  close  the  valve  cap  against  the  orifice  at  its  maximum 
displacement,  and  to  maintain  Zvc  =  0  at  its  minimum  dis¬ 
placement.  In  others  words,  it  was  desired  to  always  ensure  a 
valve  opening  stroke  of  16.5  pm. 

Fig.  16  plots  the  experimentally  measured  flow  rates  for  each 
of  the  differential  pressure  test  cases.  An  applied  voltage  of 
500  Vpp  was  held  constant  for  all  of  the  test  cases,  and  the 
corresponding  measured  stroke  of  the  valve  cap  during  actua¬ 
tion  is  printed  inside  of  each  data  bar.  Fig.  16  also  plots  the  ex¬ 
perimental  results  versus  the  model  expectations  obtained  using 
the  active  valve  simulation  tools  detailed  previously.  Model  pre¬ 
dictions  for  chosen  limiting  valve  strokes  of  ZVCfPP  =  13  pm 
and  ZVCtPP  =  17  pm  are  shown.  The  model  correlation  indi¬ 
cates  that  the  active  valve  regulates  flow  in  excellent  correlation 
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Fig.  16.  Dynamic  flow  regulation  mode!  correlation  at  1  kHz  for  varying 
differential  pressures.  Correlation  is  good  over  range  of  differential  pressures. 
Error  bars  on  the  data  indicate  the  measurement  error,  which  was  estimated 
based  on  the  flow  sensor  calibration  error  and  the  accuracy  of  the  applied 
differential  pressure. 


with  the  model  predictions.  Since  the  flow  loss  coefficients  used 
within  the  models  discussed  previously  were  based  on  a  com¬ 
pilation  of  empirical  Re  data  from  other  researchers,  the  line  of 
predicted  behavior  in  Fig.  16  is  understood  to  be  of  only  “lim¬ 
ited  accuracy,”  in  other  words,  it  is  not  based  on  exact  theory. 

Subsequent  test  runs  at  differential  pressures  in  excess  of 
-  ^out  =  340  kPa  resulted  in  unstable  oscillatory  motion 
of  the  valve  cap  structure,  and  eventually  fracture  of  the  valve 
membrane.  The  nature  of  the  flow  behavior  (based  on  Reynolds 
number)  was  investigated  for  a  variety  of  valve  opening  situ¬ 
ations  in  subsequent  studies.  The  results  indicated  that  these 
self-excited  valve  cap  oscillations  were  most  probably  a  result 
of  transitional  flow  (between  laminar  and  turbulence)  through 
the  valve  orifice  structure,  a  regime  which  limited  the  valve  op¬ 
eration  to  relatively  low  differential  pressures  of  no  more  than 
340  kPa.  A  comprehensive  overview  of  these  unstable  oscilla¬ 
tory  valve  cap  experiments  is  detailed  in  [37].  Future  research 
work  should  focus  on  a  better  understanding  of  the  flow  regimes 
through  these  microscale  orifice  structures,  especially  as  a  func¬ 
tion  of  different  viscosity  fluids,  and  on  a  redesign  effort  to  de¬ 
velop  a  valve  geometry  which  is  less  sensitive  to  the  flow  be¬ 
havior  passing  through  the  orifice.  Additionally,  this  redesign 
should  include  an  effort  to  increase  the  1st  modal  frequency  of 
the  device,  to  potentially  enable  operation  at  or  above  a  fre¬ 
quency  of  10  kHz.  With  these  redesign  efforts,  a  higher  fre¬ 
quency,  higher  flow  rate  microvalve  could  be  achieved. 

IX.  Conclusion 

A  compact  piezoelectrically-driven  hydraulic  amplification 
microvalve  was  successfully  fabricated  and  tested  for  the  first 
time.  This  concept  of  hydraulically  amplifying  the  limited 
stroke  of  a  miniature  bulk  piezoelectric  material  into  a  signifi¬ 
cantly  larger  motion  of  a  valve  cap  structure  enables  the  valve 
to  simultaneously  meet  a  set  of  high  frequency  (>  1  kHz), 
high  pressure  (>  300  kPa),  and  large  stroke  (20-30  pm) 
requirements  not  previously  satisfied  by  other  hydraulic  flow 
regulation  microvalves.  The  active  valve  structural  behavior 
and  flow  regulation  capabilities  were  evaluated  over  a  range 
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of  applied  piezoelectric  voltages,  actuation  frequencies,  and 
differential  pressures  across  the  valve.  For  applied  piezo¬ 
electric  voltages  up  to  500  Vpp  at  1  kHz,  the  valve  devices 
demonstrated  amplification  ratios  of  drive  element  deflection 
to  valve  cap  deflection  of  40  x  -50x.  These  amplification 
ratios  correlated  within  5-10%  of  the  model  expectations.  Flow 
regulation  experiments  proved  that  a  maximum  average  flow 
rate  through  the  device  of  0.21  mL/s  for  a  1  kHz  sinusoidal 
drive  voltage  of  500  Vpp,  with  valve  opening  of  17  fim,  against 
a  differential  pressure  of  260  kPa  could  be  obtained.  Tests 
revealed  that  fluid-structural  interactions  between  the  valve 
cap  and  membrane  components  and  flow  instabilities  (due 
to  transition  between  the  laminar  and  turbulent  flow  regimes 
through  the  valve  orifice)  limited  the  valve  performance 
capabilities.  This  work  has  proven  this  valve  technology  as  a 
viable  component  within  compact  high  performance  hydraulic 
micropumping  systems. 
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Abstract 

The  head  losses  in  microfluidic  systems  such  as  micropumps  are  dominated  by  losses  in 
microvalves,  where  microfabrication  constraints  limit  significantly  possible  microvalve 
designs.  This  makes  them  quite  different  from  conventional  valves.  In  particular,  flow 
characteristics  in  the  laminar  and  low-Reynolds  turbulent  regimes  are  not  understood 
clearly,  and  detailed  information  about  the  flow  losses  is  lacking.  This  work  addresses 
this  issue  by  using  a  scaled-up  (10:1)  valve  experiment  to  measure  pressure  losses  in 
typical  microfabricated  valve  geometries.  The  macroscale  model  is  fully  instrumented 
and  discharge  coefficients  and  sensitivities  to  stroke,  seat  width  and  Reynolds  number 
are  presented. 

Thesis  Supervisor:  Kenneth  S.  Breuer 

Title:  Visiting  Associate  Professor  of  Aeronautics  and  Astronautics,  MIT 
Associate  Professor  Division  of  Engineering  Brown  University  Providence,  RI 


2 


Acknowledgments 

Two  roads  diverged  in  a  yellow  wood...  and  I,  I  took  the  one  less  traveled  by,  and 
that  has  made  all  the  difference.  I  have  come  to  understand  that  in  many  cases  life 
presents  many  possible  paths  for  us  and  that  none  of  them  is  better  than  the  others, 
they  are  only  different.  The  paths  I’ve  taken  I  took  because  I  wanted,  it  has  been  my 
choice  and  I  have  no  regrets. 

My  time  at  MIT  has  been  both  the  best  and  the  worst.  I  have  met  wonderful 
people  and  learned  a  lot  from  them.  I  have  also  gone  through  very  hard  times  and 
it  has  been  during  those  times  that  I  feel  that  I  have  matured  the  most.  The  path 
hasn’t  been  easy,  but  the  help  of  my  friends  has  made  it  a  lot  easier.  I  dedicate  this 
thesis  to  my  family,  friends  and  all  the  people  who  have  been  there  when  I  needed 
them  the  most. 

First  of  all  I  would  like  to  thank  my  advisor  Prof.  Kenny  Breuer.  I  thank  him 
for  trusting  me  with  this  project,  for  his  unending  support  and  infinite  patience. 
Kenny  believed  and  supported  me  in  those  times  when  everything  was  falling  apart. 
I  greatly  appreciate  his  technical  expertise,  his  attention  to  detail  and  quality  in 
research  and  above  all  his  support.  Kenny  has  been  not  only  my  advisor  but  a  good 
friend.  Thanks  Kenny  I  am  very  grateful  for  all  you’ve  done  for  me.  I  would  also 
like  to  thank  Professors  Mark  Spearing,  Nesbitt  Hagood  and  Marty  Schmidt  for  their 
continued  support  and  guidance  throughout  this  time. 

The  MHT  guys,  what  a  group!  It  has  been  amazing  to  work  with  such  a  wonderful 
and  diverse  group  of  people.  Dave,  Rick,  Farid,  Hanqing,  Kuo-Shen,  Su,  Laxrnan, 
Lodewyk,  Onnik  and  Kevin.  Guys  it  has  been  a  pleasure  to  work  with  you  and  one 
of  the  best  experiences  I’ve  had. 

Special  thanks  are  due  to  Dave  Robertson  and  Fred  Cote  for  all  their  help  setting 
up  the  experiments.  I  should  also  thank  James  Lu,  Todd  Oliver  and  Daniel  Sandoval 
for  their  hard  work  and  patience. 

I  would  also  like  to  thank  my  friends  at  the  different  aero/astro  labs:  FDRL  (the 
only  lab  staffed  24  hours  a  day),  AMSL,  Man-vehicle,  SSL  and  the  whole  aero  gang. 


3 


The  mexican  guys,  all  my  friends  who  have  had  the  patience  to  hang  out  with 
me.  We  have  shared  beers,  late  night  movies  and  coffees  they  have  made  my  time 
at  MIT  both  enjoyable  and  unforgettable.  Special  thanks  to  the  core  group  :  Ante, 
Rodrigoq,  Raymundo,  Mescobar,  AB,  Juliocc,  Joseicv,  Kate,  Jordi,  Dara,  Magdalena, 
Mhurtado,  Belen,  Anap  and  Mhadis.  You  guys  have  made  me  feel  at  home  away  from 
home.  Thanks  guys  and  I  wish  everyone  the  best  of  the  best. 

Finally,  thinking  about  home...  my  friends  at  home.  First  of  all  Edgar,  thanks 
for  your  support  throughout  this  time.  Those  late  night  email  sessions  we  had  really 
made  a  difference.  Thanks  for  all  your  help.  Special  thanks  are  in  order  for  Diana, 
Yuria,  Gabriel,  Samuel,  Ramon  (aka  Livingston),  Caro,  Karla,  Pliego  and  my  aunt 
Beatriz.  Les  doy  las  gracias,  sepan  que  los  aprecio  y  que  siempre  los  he  extranado. 
Estaremos  lejos  fisicamente,  pero  siempre  han  estado  cerca  de  mi  pensamiento. 

Casi  para  terminar,  queda  el  espacio  para  aquellas  ninas  que  he  querido.  Como  se 
dijo  por  ahi...  hay  anecdotas  que  contare,  y  otras  que  no...  estas  mejor  las  dejaremos 
asi.  A  ellas  tengo  mucho  que  agradecerles  aun  cuando  las  cosas  no  hayan  funcionado. 
A  mi  asesorada  estrella,  siento  que  no  hayamos  coincidido,  pero  te  agradezco  el  que 
me  hayas  hecho  pensar  sobre  muchas  cosas  y  ello  ha  tenido  un  profundo  impacto  en 
mi  vida.  A  su  tocaya,  solo  me  queda  decirle  que  aunque  las  cosas  no  salieron  siempre 
tendra  un  lugar  muy  especial  en  mi  corazon  y  le  deseo  la  mejor  de  las  suertes  en  su 
vida. 

Finally,  my  family.  My  mom,  dad,  and  brother.  I  have  missed  you  these  years 
so  much  and  I  cherish  every  moment  I  have  been  able  to  share  with  you.  Ustedes 
han  sido  mi  inspiracion  para  seguir  adelante  y  una  fuente  inagotable  de  amor.  Si  he 
llegado  hasta  aca  ha  sido  por  ustedes.  Gracias  de  todo  corazon.  Muy  especialmente 
dedico  esta  tesis  a  mis  abuelos  Herman,  Olga  Alicia,  Alfonso  y  Evita. 


4 


This  research  would  not  have  been  possible  without  the  generous  of  DARPA  under 
grant  #  DAAGbb  -  98  - 1  -  0361  and  ONR  under  Grant  #  AT00014  -  97  - 1  -  0880. 
I  would  like  to  acknowledge  CONACYT  for  supporting  me  throughout  my  first  year 
at  MIT. 


5 


Cm  Modified  discharge  coefficient 
Cq  Discharge  coefficient 

do  Inlet  diameter 

dsys  Characteristic  length 

dy  Valve  cap  diameter 

/  Driving  frequency 

h*  hv/hp 

hp  Plate  separation 

hy  Valve  opening 

k  Isothermal  bulk  modulus 

K  Stiffness 

l0  Channel  length 

M  mass 

Q  Volumetric  flow  rate 

Re  Reynolds  number 

s  Seat  width 

u  Local  flow  velocity 

Aa  Throat  flow  area 

j4i  Upstream  flow  area 

Ai  Downstream  flow  area 

AP  Pressure  drop 

e  Loss  coefficient  correction  factor 

A  Acoustic  wavelength 

//  Dynamic  viscosity 

v  Kinematic  viscosity 

p  Fluid  density 

cr  h„/s 

C quad  Turbulent  loss  coefficient 

C*>  Loss  coefficient  correction  factor 
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Ft  Froude  number 
9  gravity 
t  orifice  thickness 
I  Lumped  element  Inductance  l/A 
F  Force 

v  Fluid  velocity  vector 
u  x-direction  absolute  velocity 

Ur  Normal  exterior  relative  velocity  to  the  control  surface 
uc  Normal  exterior  fluid  velocity  in  the  a;— direction 
Xi  Wafer  thickness 
x3  Valve  displacement 
a  area 

Vp  Volume  rate  of  change  due  to  piston  movement 
Vo  Initial  piston  chamber  volume 
dh  Hydraulic  diameter 
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Chapter  1 


Introduction 


Many  definitions  exist  to  describe  what  are  commonly  known  as  Micro-Electro  Me¬ 
chanical  Systems  (MEMS).  In  general  MEMS  devices  are  those  that  fall  within  the 
range  of  1  fim  -  1  mm  in  size.  These  devices  are  typically  made  out  of  Silicon  wafers 
and  machined  using  Integrated  Circuit  (IC)  manufacturing  techniques.  A  distinc¬ 
tive  feature  of  MEMS  is  that  they  operate  outside  the  realm  of  IC  circuits,  finding 
applications  in  solid  mechanics,  fluids,  optics,  magnetics  and  others.  The  focus  of 
this  work  is  on  integrated  microfluidic  systems,  particularly  on  the  fluid  mechanics 
aspect  of  these  systems.  This  thesis  discusses  the  fluid  mechanics  modeling  strategy 
undertaken  as  part  of  the  development  effort  for  the  MIT  Micro  Hydraulic  Trans¬ 
ducer  project.  The  approach  and  results,  however,  are  by  no  means  limited  to  this 
particular  system,  they  are  relevant  to  fluidic  microsystems  in  general. 


1.1  Overview  of  the  Micro-Hydraulic  Transducer 

The  immediate  application  of  this  work  is  to  the  Micro-hydraulic  Transducer  (MHT) 
program,  although  the  phenomena  described  applies  to  micropumps  in  general.  The 
concept  of  the  MHT,  as  shown  schematically  in  Figure  1-1,  integrates  the  large  single¬ 
stroke  force  of  an  hydraulic  system  with  the  high-frequency  small  stroke  available 
from  a  piezoelectric  element.  The  combination  is  used  to  create  high-performance 
transducers  (Hagood  et  al,  [6]).  The  device  can  operate  as  an  actuator  (transforming 
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Figure  1-1:  Conceptual  Diagram  of  Bidirectional  Microdevice 

electrical  to  mechanical  energy,  (Figure  1-1, a)  or  as  an  energy  harvester  (converting 
mechanical  to  electrical  energy),  Figure  1-1, b.  The  MHT  architecture  resembles  that 
of  a  reciprocating  internal  combustion  engine  cylinder.  The  fluid  at  high  pressure 
comes  into  the  cylinder  chamber  through  an  inlet  valve,  compresses  the  piston  and  in 
turn  the  piezoelectric  crystal.  The  cycle  is  completed  when  the  piezo  expands  driving 
the  piston  up  and  forcing  the  fluid  out  through  the  outlet  valve.  In  the  current  design, 
the  piston  is  approximately  8  mm  in  diameter,  and  the  valves  are  poppet  type  disc 
valves  (0  500/xm)  with  strokes  of  less  than  40  /im  operating  at  approximately  20 
kHz.  In  order  to  obtain  this  stroke  at  such  high  frequencies  the  valve  is  actuated  by 
a  piezoelectric  element  aided  by  an  amplification  chamber  as  detailed  by  Roberts  et 
al  [27]. 

1.2  Motivation 

The  rapid  increase  in  the  development  of  complex  microfluidic  devices  has  revealed  a 
need  for  more  accurate  modeling  of  fluid  behavior  in  small-scale  microfabricated  ge¬ 
ometries.  Microvalves  tend  to  be  one  of  the  dominating  elements  in  such  systems,  but 
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at  the  same  time  their  detailed  behavior  remains  poorly  understood  and  systematic 
studies  of  microvalve  fluid  mechanics  are  lacking. 

In  the  case  of  the  Micro  Hydraulic  Transducer  program  at  MIT,  the  requirements 
on  valve  modeling  take  a  different  perspective.  In  this  case  the  valve  and  head  loss 
models  are  used  as  design  tools.  Typical  orifice  models  will  not  capture  geometry 
related  sensitivities  necessary  for  design  and  optimization.  Furthermore,  one  of  the 
goals  of  the  MHT  project  is  to  harvest  energy  with  this  device,  for  this  reason,  and 
considering  that  the  valve  is  the  dominating  head  loss,  it  becomes  critical  to  deter¬ 
mine  accurately  the  corresponding  head  losses  and  sensitivities.  Only  then  will  it  be 
possible  to  design  a  more  efficient  valve. 

1.3  Challenges 

The  major  fluid  mechanics  challenge  is  to  model  the  steady  and  unsteady  fluid  behav¬ 
ior  in  these  micron-scale  geometries.  The  Reynolds  number  during  one  cycle  varies 
between  1  and  20,000  with  a  Strouhal  number  of  order  1.  In  this  regime  both  iner¬ 
tial  and  viscous  forces  are  important  and  unsteady  effects  cannot  be  ignored.  The 
model  needs  to  be  accurate,  yet  implemented  in  a  flexible  manner  suitable  for  design 
purposes  and  integration  into  full  system  simulations.  Unfortunately,  such  models  do 
not  presently  exist,  and  where  partial  models  are  available,  they  are  typically  neither 
calibrated  nor  validated  for  the  small  scales  and  unique  geometries  that  are  found  in 
microfluidic  systems.  The  purpose  of  this  thesis  is  to  provide  such  calibration  and 
validation. 


1.4  Contributions 

An  hydraulic  model  for  the  Micro-Hydraulic  Transducer  was  constructed  based  on  a 
low-order  lumped  element  model.  The  valve  flow  characteristics  were  investigated  ex¬ 
perimentally  and  parametric  studies  were  carried  out  to  obtain  the  flow  dependencies 
and  allow  for  a  better  estimation  of  the  head  losses. 
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Chapter  2 


Literature  Background 

2.1  MEMS  Scaling  Issues 

The  miniaturization  of  systems  presents  several  interesting  performance  advantages. 
One  of  the  major  advantages  that  comes  with  miniaturization  is  that  as  a  system 
is  scaled  down  its  mass  (M)  reduces  like  the  third  power  of  the  length  scale  (/),  (ie 
m  oc  Is).  This  dramatic  mass  reduction  increases  the  natural  frequency  ( un )  of  a 
system  as  shown  for  a  simple  cantilever  beam: 


where  k  is  the  stiffness  and  m  the  mass  of  the  beam.  The  stiffness  (K)  is  given 
by  Young’s  modulus  ( E ),  the  area  moment  (Ia)  and  the  beam  length  (/).  The  mass 
(M)  is  given  by  the  length  (/),  the  cross-sectional  area  (Ae)  and  the  material  density 
(p).  As  it  can  be  appreciated  in  equation  2.1  the  natural  frequency  (cu„)  scales  like 
1/7-  This  allows  for  a  significant  increase  in  operating  frequencies  for  micromachined 
devices  as  described  in  detail  by  Burguess  [3].  The  previous  argument  has  been 
one  of  the  major  driving  forces  towards  the  development  of  MEMS.  However,  not 
all  phenomena  scale  as  favorably  as  inertia,  for  instance  viscous  effects  and  other 
surface-driven  phenomena  become  relatively  more  important  as  scale  decreases.  In 
our  case  we  are  particularly  interested  on  Microfluidic  MEMS  and  for  this  reason,  we 
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will  study  in  detail  the  fluidic  behavior  at  these  scales. 

Microfluidic  systems  encompass  many  different  applications  from  on-chip  chemical 
systems  to  micro-mixers,  micropumps  and  microtransducers  to  name  a  few.  As  scale 
decreases  the  surface-to-volume  ratio  increases  making  such,  effects  as  viscosity,  Van 
der  Waals  forces,  electrostatic  forces, etc.  important  and  in  some  cases  detrimental  to 
system  performance.  An  introductory  discussion  of  such  scaling  effects  can  be  seen 
in  Ho  and  Tai’s  microfluidics  review  paper, [10]. 

In  particular  the  focus  of  this  work  is  on  modeling  the  fluidic  behavior  in  microflu¬ 
idic  transducers.  One  of  the  major  questions  is  to  understand  how  hydraulic  systems 
and  their  components  behave  at  the  microscales  and  how  macro-scale  results  scale 
down. 

In  the  first  part  of  this  chapter  a  brief  literature  review  of  existing  modeling 
approaches  for  micro-hydraulic  systems  is  presented.  The  second  part  of  the  chapter 
focuses  on  microvalves  due  to  their  importance  in  micro-hydraulic  MEMS.  The  main 
purpose  of  this  chapter  is  to  set  the  stage  for  this  thesis  work  by  presenting  what  has 
been  done  by  other  researchers  in  the  field. 

2.2  Microsystems  Fluidic  Modeling  Strategies 

Several  modeling  approaches  have  been  proposed  for  integrated  microsystems.  From 
the  fluids  point  of  view  there  are  several  options:  Navier-Stokes  simulations,  Charac¬ 
teristic  equations,  impedance  models  (distributed  models),  and  electrical  analogy  or 
lumped  models. 

The  direct  simulation  of  the  flow  in  these  systems  by  solving  the  Navier-Stokes 
equations  is  not  feasible  due  to  the  complicated  geometries,  moving  boundaries, 
fluid/structure  interactions,  and  the  unsteady  nature  of  the  phenomena  described 
making  them  at  best  impractical. 

A  second  approach  is  to  use  the  characteristic  equations  method.  This  approach 
transforms  the  flow’s  partial  differential  equations,  into  ordinary  differential  equations 
significantly  simplifying  the  problem.  These  equations  can  then  be  integrated  forward 
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in  time  to  obtain  a  solution.  This  method  will  give  a  solution  that  usually  would  only 
be  surpassed  in  accuracy  by  a  direct  simulation  of  the  Navier-Stokes  equations[35]. 
However,  localized  head  losses  like  elbows,  valves, etc.  still  need  to  be  characterized 
separately  and  fed  to  the  model.  The  quality  of  the  model  will  thus  depend  on  how 
well  these  localized  losses  are  modeled.  Two  important  disadvantages  of  this  approach 
is  that  integration  to  structural  and  electrical  models  is  not  straightforward  and  that 
a  full-system  simulation  becomes  computationally  expensive. 

A  third  option  is  comprised  by  distributed  parameter  models  or  impedance-based 
models.  This  approach  is  part  of  the  so-called  electrical  analogy  methods  used  tradi¬ 
tionally  in  acoustics.  This  approach  assumes  that  the  pressure  is  analogous  to  electri¬ 
cal  voltage  and  that  the  flow  rate  is  analogous  to  electrical  current.  The  impedance  is 
defined  as  the  ratio  of  the  dependent  variables  pressure  ( P )  and  flow  rate  ( Q )  respec¬ 
tively  for  each  section.  In  such  manner  the  system  may  be  solved  as  an  eigenvalue 
problem. 

In  those  cases  in  which  pipe  lengths  are  short  the  distributed  parameter  model 
can  be  simplified  even  further  to  a  ’’lumped”  element  model.  Previous  experiences 
by  01sson[23],  Bourouina[2],  and  Gravesen[5]  have  proven  that  the  lumped  element 
model  is  useful  for  the  analysis  of  microfluidic  systems.  The  advantage  of  lumped 
models  is  that  they  are  easily  integrated  to  full  system  simulations  which  may  also 
include  structural  and  electrical  components.  The  intrinsic  modularity  of  this  type  of 
model  makes  it  easy  to  modify  and  build  up  on.  The  lumped  model  has  the  added 
advantage  that  due  to  its  similarity  with  circuit  system-analysis  existing  software, 
such  as  SPICE  and  SIMULINK,  can  be  used  to  obtain  solutions. 

In  this  case  as  in  previous  approaches  the  behavior  of  localized  components  needs 
to  be  characterized  separately.  Thus  the  results  of  a  given  simulation  will  be  a  function 
of  how  accurately  the  system  is  modeled  and  how  well  the  subcomponent’s  behavior 
is  known. 

Microvalves  are  in  most  cases  the  most  difficult  subcomponents  to  characterize 
in  microhydraulic  systems.  Incidentally  microvalves  are  also  the  main  dissipative 
elements  of  these  hydraulic  systems.  A  literature  review  of  existing  microvalves  is 
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presented  next  to  set  the  context  for  this  thesis  experimental  work. 

2.3  Micro  Scale  Valves 

Microvalves  may  be  classified  as  active  (with  an  actuator)  or  passive  (without  actu¬ 
ator).  Many  different  examples  of  both  types  of  microvalves  exist  in  the  literature. 
A  review  by  Shoji  and  Esashi  [31],  and  Gravesen  [5]  indicates  that  most  microvalves 
have  been  designed  for  gas  control,  while  not  many  have  been  demonstrated  for  liquid 
applications  due  to  their  low  conductance. 

The  low  conductance  of  microvalves  is  directly  related  to  microfabrication  con¬ 
straints,  which  limits  available  geometries  to  low  aspect  ratio,  prismatic  elements 
due  to  the  line-of-sight  nature  of  microfabrication  techniques.  This  greatly  limits 
the  available  geometries  of  fluidic  devices.  For  instance  valves  cannot  have  three- 
dimensional  structures  such  as  45°  poppets,  rounded  edges  and  fillets  (although  some 
limited  fillet  capabilities  have  been  demonstrated  in  highly  stressed  MEMS  structures; 
Ayon,  et  al.[l]).  The  high  temperatures  required  for  wafer  bonding  preclude  the  use 
of  polymers  and  soft  materials  for  the  valve  seats.  Available  actuation  options  are 
limited  in  stroke  and  control  authority  further  constraining  valve  response  time  and 
performance.  The  above-mentioned  constraints  have  made  typical  microvalve  designs 
quite  different  from  macro  scale  valves  and  yielded  highly  suboptimal  microvalves. 

In  most  cases  valves  are  fabricated  and  then  characterized  experimentally,  primar¬ 
ily  because  detailed  analysis  of  the  flow  characteristics  and  sensitivities  to  different 
relevant  parameters  is  lacking.  One  of  the  main  reasons  for  this  is  that  instrumenting 
a  microvalve  to  measure  both  flow  rate  and  pressure  as  functions  of  the  valve  position 
is  very  difficult. 

2.3.1  Passive  Microvalves 

Passive  valves  may  be  subdivided  into  moving  parts  valves  and  No  Moving  Parts 
(NMP)  valves  .  The  first  group  mainly  has  valves  which  open  and  close  in  response 
to  a  net  force  acting  on  them.  These  microvalves  usually  have  a  micromachined 
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Figure  2-1:  Typical  Architectures  of  Passive  Microvalves  [37] 


Silicon  membrane  that  is  free  to  deflect  in  one  direction.  The  resulting  behavior  is 
equivalent  to  that  of  a  macro-scale  check  valve.  The  moving  membranes  have  been 
fabricated  in  many  different  sizes  and  thicknesses,  with  annular  shapes,  cantilever 
type  flaps  and  tethered  structures.  This  class  of  micro- valves,  however,  have  some 
generic  characteristics:  one  way  flow,  limited  stroke,  and  in  many  cases  they  are 
susceptible  to  clogging. 

A  survey  of  existing  micro-check-valves  by  Shoji  [31]  shows  that  typical  passive 
check  valves  range  in  size  from  800  fim  to  about  7  mm,  and  only  one  valve  in  the 
100  /im  range  has  been  reported.  All  of  these  valves  were  Silicon  micromachined 
valves  and  were  either  cantilever  or  circular  membrane  type  check  valves  as  shown 
in  Figure  2-1.  The  Reverse  flow  rates  (leak  flow)  of  these  valves  were  in  the  order 
of  1  /xl/min  for  water.  The  forward  flow  rate  was  generally  two  to  three  orders  of 
magnitude  higher  than  the  reverse  (leak)  flow  rate.  It  should  be  observed,  though, 
that  these  comparisons  suffer  from  the  fact  that  the  reported  results  for  each  valve 
were  based  on  different  applied  pressures  but  they  do  convey  the  general  capabilities 
of  such  systems. 

One  of  the  contributing  factors  to  the  low  conductance  of  microvalves  is  the  limited 
stroke.  In  the  case  of  passive  valves,  the  stroke  depends  on  the  surrounding  fluid 
pressure,  membrane  thickness  and  valve  size.  In  some  cases  the  valve  deflection  is 
larger  than  the  membrane  thickness  resulting  in  nonlinear  behavior  and  therefore 
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Figure  2-2:  NMP  Passive  Microvalves,  Olsson  [22]  and  Forster[4] 


smaller  displacements  per  applied  pressure. 

From  the  fluid  mechanics  point  of  view  the  flow  characterization  of  this  valves  is 
difficult  since  the  valve  position  and  capacitance  are  pressure  dependent. 

The  second  major  type  of  passive  valves  are  No-Moving-Parts  (NMP)  valves. 
These  valves  are  carefully  contoured  so  that  flow  is  preferential  in  one  direction. 
The  aim,  as  in  the  case  of  the  micro-check-valves  is  to  obtain  a  high  conductance 
in  one  direction  and  a  comparatively  low  conductance  in  the  reverse  flow  condition. 
Several  examples  of  these  valves  exist,  the  geometries  are  different  but  the  operating 
principle  is  the  same  as  seen  in  Figure  2-2.  In— depth  studies  have  been  carried  out  by 
Stemme  and  Olsson  [22]  with  a  diffuser/nozzle  design  and  Forster  et  al[ 4]  with  Tesla 
type  valves.  These  valves  are  characterized  by  high  reverse  flow  rates  (compared  to 
moving  part  check  valves),  however  these  designs  are  compensated  by  their  ease  to 
manufacture,  robustness, and  their  ability  to  transport  particle  laden  fluids. 

A  figure  of  merit  used  to  estimate  the  quality  of  a  given  design  is  the  diodicity. 
The  diocity  (Di)  is  defined  as 


Di  = 


A  P_ 
AP+ 


(2.2) 


where  the  AP+  is  the  pressure  drop  in  the  forward  (or  positive  direction)  and 
A P_  is  the  pressure  drop  in  the  reverse  (leak)  direction.  NMP  valves  or  fluidic  diodes 
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usually  have  a  diodicity  of  about  1.1- 1.3.  Considering  that  for  laminar  flow  the  flow 
rate  (Q)  is  a  linear  function  of  the  pressure  drop,  we  can  estimate  that  micro  check 
valves  with  moving  parts  would  have  a  diodicity  roughly  two  orders  of  magnitude 
higher  than  NMP  valves.  It  has  been  suggested,  though,  that  probably  a  better 
figure  of  merit  would  be  reverse  pressure  differential  per  flow  rate  which  for  very  low 
flow  rates  should  be  a  constant. 

2.3.2  Active  microvalves 

The  microvalve  actuator  plays  a  fundamental  role  in  determining  the  efficiency  and 
overall  design  of  a  valve.  Many  designs  and  actuation  principles  have  been  proposed 
the  most  common  options  are  electrical,  thermal,  magnetic,  and  piezoelectric. 

Ideally  an  actuator  system  should  be  easy  to  miniaturize,  efficient,  have  a  large 
stroke  and  fast  response  time.  Currently,  no  actuation  system  fulfills  the  previously 
mentioned  characteristics  of  the  ’’ideal  actuator”.  Considering  this  certain  types  of 
actuators  are  better  suited  to  some  applications  than  others.  The  strengths  and 
weaknesses  of  the  most  common  actuation  systems  are  outlined  next. 

Thermal  based  systems  can  be  categorized  into  thermopneumatic,  bimetallic,  and 
Shape-Memory-Alloys  (SMA)  actuators.  Thermopneumatic  based  actuators  for  mi¬ 
crovalves  have  been  investigated  by  Zdeblick,  Henning  and  coworkers  [8], [7]  resulting 
in  a  commercially  available  microvalve  (Redwood  microsystems)  .  The  thermopneu¬ 
matic  normally-open  valve  as  shown  in  Figure  2-3  has  a  cavity  which  is  filled  with 
Fluorinert.  The  orifice  size  as  reported  varies  from  25  to  500  /xm,  with  membrane 
diameter  of  roughly  6  mm.  The  Fluorinert  is  heated  with  a  Platinum  resistor  deflect¬ 
ing  the  cavity  membrane  and  closing  the  valve.  The  response  time  is  in  the  order  of 
0.1-1  sec,  with  maximum  reported  strokes  of  50  //m.  It  is  suggested  that  a  change  of 
heat  transfer  mode  from  conduction  to  phase  change  may  reduce  the  response  time 
down  to  tenths  of  milliseconds.  Cycling  the  valve,  however,  poses  a  greater  challenge, 
for  the  system  would  have  to  be  heated  and  cooled  rapidly.  The  advantage  of  this 
type  of  actuation  is  that  it  has  the  widest  temperature  range  from  -20°C  to  70°C. 
Applications  for  the  control  of  refrigerant  liquids  have  been  suggested. 
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Figure  2-3:  Thermopneumatic  Active  Microvalve  [7] 


The  second  thermal  actuation  system  found  in  the  literature  are  bimetallic  sys¬ 
tems.  The  bimetallic  actuator  usually  consists  of  a  circular  Silicon  membrane  con¬ 
nected  to  a  thin  annular  metallic  ring.  The  system  is  heated  and  the  effect  is  such 
that  due  to  the  dissimilar  thermal  expansion  coefficients  the  membrane  deflects.  The¬ 
oretical  estimates  by  Jerman[13]  suggest  that  for  a  2.5  mm  diameter,  8  /im  thick  Si 
membrane  with  5  /i m  of  deposited  Aluminum  and  b/a  ratio  of  0.5  displacements  in 
the  order  of  25-30  //m  with  symmetrical  vertical  travel  are  achievable.  This  actuation 
mechanism,  however,  is  limited  in  its  response  time  due  to  the  heating  and  cooling 
of  the  bimetallic  materials.  The  response  time  oscillates  between  1  msec  and  1  sec 
depending  on  the  details  of  the  configuration.  For  the  previously  described  configura¬ 
tion  Jerman  has  shown  experimentally  response  times  of  100  to  300  msec.  Bimetallic 
actuated  valves  have  been  proposed  for  systems  in  which  proportional  valve  control 
is  required.  They  have  approximately  the  same  operating  range  of  thermopneumatic 
valves  but  without  the  further  complication  of  sealing  liquid  in  a  cavity. 

Shape-memory-alloy  based  systems  have  the  ability  to  produce  large  strokes,  how¬ 
ever  due  to  their  non-linear  response  to  temperature  are  difficult  to  control  and  re¬ 
sponse  times  are  in  the  order  of  10  seconds.  This  valves  may  have  large  stroke  but 
are  difficult  to  control  and  therefore  have  only  been  used  as  on-off  valves. 

Electrostatically  actuated  valves  typically  rely  on  two  Silicon  wafers  to  act  as 
electrodes.  The  Silicon  plates  are  insulated  by  grown  oxide  and  separated  by  an¬ 
other  layer  usually  of  pyrex  in  a  ’’sandwich”  fashion  as  seen  on  Figure  2-4.  The 
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Figure  2-4:  Electrostatically  Actuated  Microvalve  [30] 


moving  part  of  the  valve  is  a  metallic  flapper  which  is  attracted  either  to  the  lower 
or  upper  electrode  depending  on  the  field  direction.  The  fundamental  limitation  of 
these  systems  is  that  the  actuation  force  is  inversely  proportional  to  the  square  of  . 
the  distance  between  the  flapper  and  the  electrode.  These  limits  the  field  of  usage 
of  this  valves  to  low  pressures  and  relatively  short  strokes.  Experimental  results  by 
Shikida[30]  showed  a  maximum  block  force  of  ~  20  mN.  The  major  advantage  of  this 
architecture  is  that  fast  response  times  of  the  order  of  0.1  msec  can  be  attained.  This 
actuation  system  can  provide  actuation  for  large  strokes  but  low  forces.  It  has  been 
succesfully  employed  for  the  control  of  rarefied  gas  systems  such  as  Molecular  Beam 
Epitaxy  (MBE). 

Electromagnetic  actuation  has  been  explored  by  Hirano,  Yanagisawa  and  coworkers[9]. 
The  major  problem  of  this  actuation  system  is  the  requirement  for  a  miniaturized  coil 
as  seen  in  Figure  2-5. 

Piezolectrically  based  actuators  represent  one  of  the  fastest  options  for  opening 
and  closing  a  microvalve.  Piezoelectric  actuators  however,  have  very  small  strokes 
and  this  has  significantly  limited  their  use  for  microvalves.  Active  microvalves  with 
piezoelectric  actuators  have  been  proposed  by  Shoji  and  Esashi  [31]  and  Roberts  et 
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Figure  2-5:  Electromagnetic  Actuated  microvalve  [9] 


al, [27].  Shoji  and  Esashi  have  shown  experimentally  response  times  of  the  order  of  1 
msec  with  gas  flows  of  40  ml/min.  The  design  proposed  by  Roberts,  Figure  2-6,  uses 
an  amplification  chamber  to  obtain  more  stroke  out  of  a  piezoelectric  while  retaining 
the  force  and  rapid  reaction  available  with  a  piezoelectric. 


Lessons  Learned  from  Existing  Microvalves 

One  can  observe  from  reviewing  the  existing  literature  on  microvalves  and  integrated 
microsystems  that  virtually  all  the  proposed  valve  flow  models  make  the  following 
assumptions: 

The  valve  is  the  dominating  flow  loss  in  the  system.  This  means  that  in  most 
cases  the  only  flow  resistance  or  head  loss  needed  to  describe  a  system  is  the  valve. 

The  unsteady  state  head  losses  are  modeled  with  steady  state  head  loss  models. 
This  . approximation  is  made  because  in  many  cases  the  frequency  dependent  resistance 
term  is  difficult  to  model  and  experimental  results  are  lacking. 

Microvalves  are  approximated  as  variable  area  orifices.  This  approximation  is 
based  on  the  assumption  that  inertial  losses  (A P  oc  Q2)  are  the  dominating  loss 
mechanisms  in  the  valves.  It  should  be  pointed  out  that  although  such  approximations 
do  capture  the  physical  flow  behavior  they  will  be  only  order  of  magnitude  models. 

Valve  stroke,  as  seen  in  the  literature  is  one  of  the  key  elements  required  of  an 
actuation  system  in  order  to  obtain  high  conductance. 
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Figure  2-6:  MHT  Amplification  Chamber, [27] 


The  closing  force,  leakage,  and  response  times  are  important  but  their  require¬ 
ments  are  heavily  dependent  on  the  application  at  hand. 

.  Microvalves  for  gas  flow  applications  are  characterized  by  low  Reynolds  numbers 
of  order  100-1000,  but  the  flows  may  approach  Mach  1.  For  this  reason  choked  flow  in 
the  valve  orifice  is  observed  in  many  cases.  The  most  common  flow  model  is  a  quasi 
1-d  gas  flow  model  for  subsonic  flow  and  in  certain  cases  for  choked  flow. 

In  the  case  of  liquids  such  as  water  and  Silicon  oils,  the  situation  is  not  much 
different.  Flow  models  reduce  the  valve  behavior  again  to  a  variable  area  orifice.  In 
most  cases  these  models  are  used  to  analyze  obtained  experimental  results.  Corrected 
discharge  coefficients  are  computed  and  curves  fitted  to  the  data. 

The  systematic  study  of  the  valve  behavior  and  sensitivities  of  the  different  flow 
parameters  is  usually  not  performed. 

2.4  Macro-scale  Valves 

Macro-scale  poppet  and  disc  valves  have  many  applications  most  notably  in  internal 
combustion  engines,  pressure  control  and  relief  valves,  compressor  valves  and  even  for 
homogenizing  milk. 
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In  contrast  to  microvalves,  much  research  has  been  conducted  on  ’’normal” -sized 
valves.  However,  the  complex  geometries  make  the  flow  in  valves  very  complicated 
and  valve-dependent.  Thus  comparison  between  different  experimental  measurements 
and  numerical  simulations  is  difficult,  even  impractical.  In  the  past,  researchers  have 
investigated  such  flows  using  a  variety  of  analytical  techniques  such  as  potential  flow 
analysis  (Von  Mises,  [17]),  his  work  predicted  the  flow  contraction  but  ignored  the 
reattachment  and  pressure  recovery  phenomena.  Other  experimental  results  have 
shown  that  the  flow  behavior  is  highly  dependent  on  the  details  of  the  valve  geometry 
and  the  separated  jet.  The  effects  of  these  two  parameters  are  very  difficult  to  model 
mathematically. 

Numerical  techniques  have  been  employed  to  analyze  the  flow  behavior  of  poppet 
and  disc  valves,  but  as  Vaughan  [33],  points  out  typical  turbulence  models  (such  as 
the  k  —  e  model)  have  been  shown  to  give  inaccurate  results.  Vaughn  and  coworkers 
concluded  that  numerical  simulations  can  show  qualitative  trends  but  the  results  may 
be  quantitatively  inaccurate.  They  further  point  out  that  the  popular  k  —  e  model 
is  inadequate  for  solving  this  flows  and  suggest  that  a  Reynolds-stress  based  model 
should  give  a  better  approximation  to  the  real  flow.  It  follows  from  their  conclu¬ 
sions  that  numerical  simulations  need  to  be  validated  against  experiments  whenever 
possible. 

In  summary  all  these  techniques  suffer  from  the  fact  that  flow  separation,  cavita¬ 
tion,  transition,  reattachment  and  relaminarization  are  difficult  to  model  mathemat¬ 
ically  and  expensive  numerically. 

The  preferred  approach  to  this  type  of  problem  is  experimental.  Previous  work 
on  macro-scale  valves  traces  back  to  the  work  of  Schrenk  (1925),  Stone,  [32]  and 
Johnston[14].  Schrenk  reported  discharge  coefficients  on  poppet  and  disc  valves. 
Stone  concentrated  on  sharp  edged  poppet  valves  and  low  turbulence  flows.  His 
results  however  show  considerable  scatter  and  as  he  suggests  more  research  is  needed. 
Johnston  and  coworkers  concentrated  on  measuring  the  discharge  coefficients  and 
force  acting  on  poppet  and  disc  type  valves.  Their  work  concentrated  on  the  fully 
turbulent  regime  (i.e.  Re^>  2500).  Johnston  makes  no  reference  to  transition  effects 
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or  low  turbulence  behavior. 

One  important  conclusion  that  can  be  obtained  from  these  efforts  is  that,  for 
small  openings,  poppet  valves  behave  like  long  orifices,  a  suggestion  that  supports 
the  thought  that  the  effects  of  flow  separation  and  subsequent  reattachment  dominate 
the  valve  dynamics. 

A  second  important  conclusion  is  that  although  qualitatively  the  flow  behavior 
may  be  analogous  to  that  of  a  long  orifice  the  actual  value  of  the  discharge  coeffi¬ 
cients  is  a  strong  function  of  the  valve  geometry  and  the  upstream  and  downstream 
conditions.  For  this  reason,  it  is  important  to  investigate  experimentally  the  fluidic 
behavior  for  the  particular  geometry  under  study. 

2.5  Summary 

In  this  chapter  a  literature  review  of  the  most  common  micro-hydraulic  system  model¬ 
ing  strategies  was  undertaken.  The  main  advantages  and  disadvantages  of  the  differ¬ 
ent  approaches  were  shown.  It  was  concluded  that  most  of  these  strategies  required 
separate  submodels  for  their  subcomponents  (i.e.  valves,  elbows,  etc.).  Consider¬ 
ing  that  microvalves  are  in  most  cases  the  dominant  dissipative  element  a  separate 
literature  review  was  undertaken. 

The  microvalve  review  showed,  as  pointed  before,  that  there  is  very  little  infor¬ 
mation  regarding  the  flow  characteristics  of  reported  microvalves.  Most  flow  models 
identified  the  valve  as  an  orifice  correlating  adequately  with  the  results.  These  models 
gave,  however,  little  insight  to  the  flow  sensitivity  to  valve  geometry  and  Reynolds 
number.  The  third  part  of  the  chapter  concentrated  on  macro-scale  valves  that  may 
be  similar  to  those  found  in  microsystems.  The  complication,  as  it  was  pointed  out, 
is  that  there  is  a  lack  of  information  for  disc  valves  operating  at  low  turbulence  and 
transition  regimes.As  a  conclusion,  two  decisions  were  made:  to  construct  an  order  of 
magnitude  model  for  the  valve  based  on  available  orifice  information  and  to  explore 
experimentally,  via  a  macro-scale  valve,  the  valve  flow  characteristics  at  low  turbulent 
Reynolds  numbers. 
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Chapter  3 


Modeling  of  Hydraulic 
Microsystems 


Based  on  the  literature  review,  for  initial  designs  and  system  analysis,  the  hydraulic 
system  of  the  MHT  has  been  modeled  using  lumped  elements.  As  mentioned  in  the  lit¬ 
erature  review  the  lumped  model  is  limited  to  short  channels.  Wylie  and  Streeter[35] 
have  proposed  a  conservative  rule-of-thumb  criterion  in  which  they  suggest  that  the 
maximum  channel  length  (/)  should  be  less  than  4%  of  the  acoustic  wavelength  (A) 
as  shown  by  : 


l  =<  0.04A  = 


(3.1) 


Equation  3.1  assumes  that  the  flow  channel  has  rigid  walls,  and  therefore  the 
acoustic  wavelength  (A)  is  only  a  function  of  the  frequency  of  the  pressure  oscillations 
(/),  the  fluid  bulk  modulus  ( k )  and  the  fluid  density  (p). 

The  lumped  model  breaks  up  the  hydraulic  system  into  subcomponents  or  ele¬ 
ments.  The  subcomponent’s  behavior  is  described  by  three  ’properties’:  inductivity, 
resistivity  and  capacity.  The  inductivity  represents  the  fluid  mass  or  inertia.  The 
resistivity  is  related  to  the  dissipative  characteristics  of  the  element.  Finally  the  ca¬ 
pacity  describes  the  fluid  storage  capability  of  a  given  component.  Different  elements 
will  have  different  combinations  of  these  properties  and  in  some  cases  the  effect  of 
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Figure  3-1:  Cross-sectional  view  of  a  multiple  wafer  energy  harvester  with  active 
valves 
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Figure  3-2:  Schematic  of  the  MHT  hydraulic  system 


some  will  be  negligible  compared  to  others.  The  end  effect  is  a  system  of  equations 
that  resembles  those  used  for  electrical  circuit  analysis. 


3.1  The  MHT  Hydraulic  Model 

The  MHT’s  hydraulic  system  to  be  modeled  is  shown  in  figure  3-1.  A  schematic 
representation  of  the  flow  path  can  be  seen  in  Figure  3-2.  The  flow  paths  are  rather 
tortous  being  characterized  by  sudden  expansions,  contractions,  90°  turns,  short  tubes 
and  valves.  The  hydraulic  system  is  divided  into  three  main  sections:  the  inlet  valve 
section,  Energy  Havesting  Chamber  (EHC)  section,  and  Outlet  valve  section  as  shown 
schematically  in  Figure  3-2  and  3-3. 

As  mentioned  before  the  lumped  element  model  classifies  the  fluidic  components 
into  equivalent  capacitances,  resistances  and  inductances.  The  lumped  element  rep¬ 
resentation  of  the  inlet  and  outlet  valve  sections  is  presented  in  Figure  3-5.  The  inlet 
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Figure  3-3:  Hydraulic  Systems  Control  Volume  Representation 
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Figure  3-4:  Schematic  of  the  inlet  valve  section 


and  outlet  valve  sections  are  presented  schematically  in  Figure  3-4  and  in  lumped 
element  representation  in  Figure  3-5  showing  that  the  dominating  effects  are  of  in¬ 
ductive  ( I{ )  and  resistive  nature  ( Ri(Q )).  The  channel  capacitance  is  neglected  on 
the  grounds  that  the  channels  have  rigids  walls  and  the  fact  that  the  fluid  is  nearly 
incompressible. 

The  lumped  model  equation  for  the  inlet  valve  is  given  by  : 

PhVr  -  Pch  =  (h  +  h)Q  +  (Ri(Q)  +  Rvi (Q)  +  Ra(Q))Q  +  (3-2) 

where  as  seen  in  Figure  3-5  there  are  two  inductance  elements  Ji  and  ^2,  and  three 
major  groups  of  resistive  elements  shown  as  It  should  be  pointed  out  that  these 
resistive  terms  are  in  general  non-linear  which  may  make  the  numerical  solution  more 
difficult.  In  the  case  of  the  outlet  valve  the  flow  equation  is  similar  : 
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Figure  3-5:  Valve  Sections:  Lumped  Model  Equivalents 


Pen  -  Pipr  =  (h  +  h)Q  +  (/?i(Q)  +  Rv^Q)  +  R2(Q))Q  +  A Pvp-  (3.3) 

The  major  difference  found  in  this  model  relative  to  other  models  available  in  the 
literature  comes  from  the  term  A  Pvp  which  describes  the  work  done  by  the  valve  cap 
on  the  fluid  and  viceversa.  This  term  is  of  the  form: 


_  W_  _  1  d(fF-dx) 
Q  Q  dt 


(3.4) 


where  the  change  in  pressure  APup  is  equal  to  the  rate  of  work  (IV),  done  on  the 
system  by  the  valve  cap,  over  the  instantaneous  flow  rate  ( Q ). 


3.1.1  Valve  Cap  Force  Calculation 

The  fluid  force  acting  on  the  valve  cap  is  calculated  using  the  unsteady  integral 
momentum  equation  given  by 


F 


8_ 

dt 


J  (pv)  dV  +  j>  ( pv  •  dS^j  v 


(3.5) 
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Figure  3-6:  control  volume  for  valve  cap  force  calculation 


where  F  is  the  resultant  force  acting  on  the  control  volume,  p  is  the  fluid  density, 
and  v  is  the  fluid  velocity  vector.  A  schematic  of  the  valve  and  the  control  volume 
used  to  calculate  the  force  is  shown  in  Figure  3-6.  The  valve  force  calculation,  as 
seen  in  Figure  3-6,  only  requires  the  use  of  the  a:— direction  momentum  equation. 
The  calculation  assumes  that  the  control  volume  moves  with  the  valve  cap,  that 
friction  forces  are  negligible,  and  that  the  fluid  is  incompressible.  Following  Ikebe  s[12] 
method  we  obtain  the  a;— direction  momentum  equation  : 

Fx  =  p  j>  xucdS  +  uuTdS |  (3.6) 

where  Fx  is  the  x— direction  force  acting  on  the  fluid,  p  is  the  fluid  density,  uc  is  the 
normal  exterior  fluid  velocity  in  the  a:— direction,  and  u,-  is  the  normal  exterior  relative 
velocity  to  the  control  surface.  Applying  equation  3.6  to  all  the  control  surfaces  in 
Figure  3-6  we  obtain: 


Fx 

P 


x. 


(xi  -f  x3)xs  +  (a ;s)2g3  +  {xx  -  ^ )Q  +  y  <3  + 


'tan  6  _  _l  \ 

a.2  a,i  J 


(3.7) 
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where  Fx  is  the  x— direction  force,  p  is  the  fluid  density,  x3  is  the  valve  displace¬ 
ment,  x\  is  the  height  of  the  control  volume,  Q  is  the  instantaneous  flow  rate,  6  is  the 
fluid  jet  angle,  and  Oj  are  the  control  surfaces.  The  surface  areas  are  given  by 


&2  —  TCX3dy 


where  do  is  the  inlet  diameter,  dy  is  the  valve  diameter,  and  xa  is  the  valve  dis¬ 
placement. 

A  simplification  of  the  equation  can  be  obtained  if  we  assume  that  x\  »  x„  in 
that  case  we  obtain: 

—  =  (n)6  +  +  (*.)<?  +  +  (—  "  Q 2-  (3.8) 

P  £  \  a?,  a.\  J 

This  result  allows  us  to  calculate  the  unsteady  force  on  the  valve  cap  ( Fx )  as  a 

function  of  the  flow  rate  (Q)and  valve  displacement  (:rs).  Experimental  results  by 

Nakada  and  Ikebe[21]  have  shown  that  for  spool  valves  this  modeling  approach  gives 

reasonably  accurate  results. 

3.1.2  Capacitance  modeling 

The  Piston  chamber  or  EHC  is  the  dominant  capacitance  of  the  system.  The  com¬ 
pliance  of  the  piston  chamber  results  from  the  compression  of  the  fluid  (AV)),  the 
structural  compliances  (A  Vs)  and  the  oscillatory  movement  of  the  piston.  The  change 
in  pressure  ( P )  due  to  capacitive  effects  is  defined  as  : 

P  =  ^  ( Qin  ~  Qout  ~  Vp)  (3.9) 

where  C  is  equivalent  capacitance,  Qin  is  the  flow  rate  into  the  control  volume, 
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Figure  3-7:  Energy  Harvesting  Chamber  Representation 


Qout  is  the  flow  rate  leaving  the  control  volume  and  Vp  is  the  change  of  volume  due  to 
the  piston  movement.  In  general  the  equivalent  capacitance  for  the  piston  chamber 
is  of  the  form  : 


C  = 


dVa  dVj_ 
dP  +  dP 


(3.10) 


where  the  first  term  refers  to  the  change  in  volume  by  the  structure  for  a  given 
pressure.  This  relation  is  obtained  from  structural  calculations  and  FEA  analyses 
(outside  the  scope  of  this  thesis).  The  second  term  describes  fluid  compressibility 
which  can  be  estimated  using  the  isothermal  bulk  modulus.  The  underlying  assump¬ 
tion  here  is  that  the  temperature  is  nearly  constant,  making  the  thermal  expansion 
coefficient  effect  negligible. 

The  fluidic  capacitance  (Cf)  is  related  to  the  isothermal  bulk  mod'ulus  (k)  by  the 
following  equation: 


c,  =  h  (3.11) 

1  k 

where  Vo  is  the  initial  volume. 
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3.1.3  Inductance  in  fluid  channels 


The  compliance  in  the  fluid  channels  is  usually  much  smaller  than  that  of  the  piston 
chamber  due  to  the  fact  that  the  channels  are  surrounded  by  rigid  walls  and  that 
their  fluid  volume  is  smaller  than  that  of  the  chamber. 

The  inductance  element  is  the  fluid  mass  contained  in  the  channels  of  the  system 
and  it  has  been  modeled  by  assuming  inviscid  flow  (i.e.  Rx  =  R2  =  0).  For  an 
unsteady  constant  area  channel  flow  the  energy  equation  can  be  written  as 

4>-W  =  J J J  [e+^jpdV  +  J J'(h+^v?)p(u-n)dS  '  (3.12) 

where  4>  is  the  heat  transfer  into  the  system,  W  is  the  work  done  by  the  system, 
e  is  the  internal  energy,  u  is  the  flow  velocity,  p  is  the  fluid  density  and  h  is  the  fluid 
enthalpy.  For  an  adiabatic,  inviscid  flow  in  a  constant  area  channel  the  expression 
reduces  to  : 


Ap-yiLie+b2)^v  <3-i3> 

further  assuming  a  uniform  velocity  profile  we  obtain  the  following  result: 

AP  =  /Q  =  (£\  Q  (3.14) 

where  I  is  defined  as  the  inductance  which  is  a  function  of  the  fluid  density  (p), 
the  channel  length  (/)  and  the  channel  cross-sectional  area  (.4). 

The  approximation  is  now  compared  to  cases  where  we  have  fully  developed  vis¬ 
cous  velocity  profiles.  In  those  cases  where  the  flow  is  laminar  it  has  been  shown 
by  Morris  et  ai[19]  that  the  formula  underestimates  the  correct  value  by  about  30%. 
This  can  be  easily  explained  if  we  consider  that  in  deriving  the  inviscid  Inductance 
(I),  the  underlying  assumption  is  that  of  a  uniform  velocity  profile.  For  laminar  flow 
this  approximation  is  inaccurate  since  the  velocity  profile  is  parabolic.  Using  the 
parabolic  velocity  profile  to  compute  the  change  of  the  kinetic  energy  in  the  system 
we  obtain  the  correct  inductance  value  which  is  |  times  higher  than  the  inviscid  case 
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as  shown  by  Olsson  [23].  For  turbulent  flows,  assuming  a  velocity  profile  (u): 

u  =  110(1  -§)"  (3.15) 

where  Uq  is  the  maximum  axial  velocity,  r  is  the  radial  location,  D  is  the  pipe 
diameter  and  n  is  the  scaling  power.  The  scaling  power  n  is  set  to  f  Compared  to 
the  constant  velocity  profile  the  correction  factor  is  only  1.02. 

3.1.4  Resistive  Elements 

For  the  resistive  elements  the  microvalves  have  been  identified  as  the  major  fluidic 
resistance  of  most  existing  micropumps.  Gravesen  [5]  notes  that  the  valves  are  usually 
the  dominant  loss  element  due  to  the  fact  that  the  entire  flow  has  to  pass  through 
the  small  valve  openings.  For  a  first  approximation  to  the  valve  head  loss  they  were 
modeled  as  a  simple  orifices. 

The  flow  resistance  of  each  element  (R—  elbows,  contractions,  channels, etc.)  is 
modeled  using  published  experimental  loss  coefficients  (Idelchik  [11]),  which  were 
corrected  according  to  the  local  Reynolds  number  (Re) . 

The  quadratic  loss  coefficient  (()  is  defined  by  : 

(quad  =  t3,16) 

where  A P  is  the  total  pressure  drop,  p  is  the  fluid  density  and  u  is  the  local  bulk 
flow  velocity.  Published  values  of  the  loss  coefficient  (C)  for  different  components 
such  as  elbows,  expansions  and  contractions  are  reported  usually  for  fully  turbulent 
regimes.  In  this  regime  pressure  losses  are  inertially  dominated  and  qualitatively 
behave  like  (A P  oc  u2).  This  clearly  shows  that  the  reported  loss  coefficients  will  tend 
to  be  weak  functions  (or  independent)  of  the  Reynolds  number.  This  approximation, 
however,  only  holds  for  Reynolds  numbers  of  order  Re>  10, 000.  Microfluidic  systems, 
like  the  MHT,  usually  operate  at  lower  Reynolds  numbers.  For  this  reason  correction 
factors  or  experimental  results  are  employed  to  obtain  better  estimates  of  the  loss 
coefficients  for  low  turbulence  flows. 
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Idelchik  modifies  the  quadratic  loss  coefficient  ((quad)  with  two  empirical  correction 
factors  (C/i  and  e)  based  on  the  local  Reynolds  number  (Re),  and  with  this,  a  modified 
loss  coefficient  (C)  can  be  defined: 

C  =  C<t>(Re)  +  <Re)(quad.  (3.17) 

In  this  manner  the  flow  resistances  of  the  different  components  were  estimated. 
In  order  to  establish  a  uniform  system  model,  the  different  resistive  components 
were  referenced  to  a  characteristic  system  length  with  which  a  system-wide  Reynolds 
number(f2eSJ,,)  is  defined.  The  characteristic  length  chosen  was  the  valve  inlet  diam¬ 
eter  ( dm ). 

Order  of  Magnitude  Valve  Model  for  the  MHT 

For  initial  estimates  an  order-of-magnitude  valve  model  was  constructed.  This  model 
also  gave  a  starting  point  for  designing  the  valve  experiments.  As  mentioned  above, 
previous  work  (Schrenk  [29];  Stone  [32];  Johnston  [14])  has  suggested  that  the  valve 
can  be  modeled  as  an  orifice.  The  initial  order-of-magnitude  model  was  constructed 
based  on  an  orifice  analogy.  The  disk  valve  to  be  modeled  can  be  seen  in  Figure  3-8. 
The  valve  is  characterized  by  three  areas  :  A\  the  upstream  flow  area,  Aq  the  throat 
flow  area  and  A%  the  downstream  area. 

Most  of  the  information  gathered  on  orifices  is  based  on  experiments  carried  out 
in  pipes  of  2in  diameter  and  higher [25].  It  has  been  noted  that  orifices  in  pipes  of 
smaller  diameter  have  higher  discharge  coefficients  due  to  second-order  effects,  such 
as  surface  tension  (Ramamurthi  [24]). 

Thus,  the  orifice  model  should  be  able  to  capture  the  flow  physics,  but  should  be 
considered  only  as  an  approximation  to  the  correct  values. 

To  certain  extent  the  orifice  itself  may  be  thought  of  as  a  contraction  of  the  flow 
and  a  subsequent  expansion.  An  integral  analysis  gives  a  relationship  for  the  combined 
effect  of  the  flow  expansion  and  contraction.  The  quadratic  local  loss  coefficient  (C?uad) 
is  defined  as  the  total  pressure  drop  (A P)  over  the  dynamic  pressure  based  on  the 
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Figure  3-8:  Valve  schematic  for  the  order-of-magnitude  model 


orifice  local  mean  velocity  (u): 


(3.18) 


The  loss  coefficient,  ( quad ,  is  a  function  of  both  the  ratio  of  the  orifice  throat  area 
to  the  upstream  area  (An/ A\)  and  the  ratio  of  the  orifice  throat  area  to  downstream 
area  (A0/A2). 

For  the  initial  model,  experimental  correlations  published  by  Idelchik  [11]  were 
used  to  compute  the  loss  coefficient  for  a  variety  of  geometries.  The  order  of  magni¬ 
tude  valve  model  is  shown  in  Figure  3-9  where  the  x  axis  represents  the  Reynolds 
number  and  the  7/-axis  represents  the  loss  coefficient  «)  values  for  different  valve 
openings  (K)-  The  model  shows  that  in  the  turbulent  regime  the  loss  coefficient  is 
a  weak  function  of  the  Reynolds  number  (as  expected).  As  the  Reynolds  number 
decreases,  transition  to  the  laminar  regime  starts  and  eventually  for  sufficiently  low 
Reynolds  numbers  the  flow  becomes  laminar.  Figure  3-9  also  shows  the  significant 
dependence  of  the  loss  coefficient  (C)  to  the  valve  opening  (hv) 


41 


104 


Figure  3-9:  Order  of  magnitude  valve  model.  Results  are  shown  for  different  valve 
openings  hu 

This  order  of  magnitude  model  aims  to  capture  the  flow  physics  of  the  valve  and 
establish  within  an  order  of  magnitude  the  head  losses.  The  model  takes  into  account 
such  effects  as  valve  opening  (/i»,  valve  cap  diameter  (dy)  and  downstream  chamber 
height  (hp).  This  model,  however  will  not  be  able  to  capture  the  effect  of  the  seat 
width  (s). 

Comparison  of  Resistive  Elements 

The  comparison  of  loss  coefficients  (C)  versus  a  system  wide  Reynolds  number.  The 
system-wide-Reynolds- number  (Res)  is  based  on  one  representative  reference  length 
for  the  whole  system.  In  the  MHT  case  the  selected  reference  length  is  the  valve 
inlet  diameter  (do).  The  local  Reynolds  numbers  are  converted  to  the  system- wide- 
Reynolds-number  by  using: 


Res  =  ^Re 
do 


(3.19) 


42 


Figure  3-10:  Comparison  of  component  loss  coefficients  vs  Res 

where  dh  is  the  local  hydraulic  diameter,  do  is  the  reference  length  for  the  system, 
and  Re  is  the  local  Reynolds  number. 

is  shown  in  Figure  3-10.  It  should  be  pointed  out  that  because  flow  correlations  at 
these  low  Reynolds  numbers  are  not  always  reliable  they  need  to  be  validated  through 
experiment  and  computations. 

Initial  results  shown  in  figure  3-10  indicate  (confirming  previous  assumptions)  that 
the  valves  are  the  dominant  loss  element  in  the  hydraulic  system.  For  this  reason  the 
valve  design  and  analysis  required  special  attention. 

3.2  SIMULINK  Model  Implementation 

SIMULINK  is  a  graphical  interface  (based  on  the  MATLAB  architecture)  for  mod¬ 
eling,  simulating  and  analysing  dynamical  systems.  SIMULINK  allows  the  user  to 
break-up  a  system  into  smaller  interchangeable  modules  giving  flexibility  without 
sacrificing  performance. 

The  implementation  of  the  hydraulic  lumped  model  into  SIMULINK  is  divided 
into  two  major  areas:  the  implementation  of  the  previously  described  fluidic  resis- 
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Figure  3-11:  Generic  Architecture  of  Fluidic  resistances  in  Simulink 


tances  and  the  coding  of  the  flow  rate  equations. 

Each  fluidic  resistance  was  coded  into  a  generic  fluidic  resistance  module.  Con¬ 
sidering  that  the  pressure  losses  due  to  fluidic  resistances  undergo  significant  qual¬ 
itative  changes  for  different  flow  rates  the  values  for  each  element  were  coded  as 
two-dimensional  look-up  tables.  The  advantage  of  doing  this  is  that  SIMULINK  only 
has  to  interpolate  the  correct  head  loss  value  from  given  local  flow  conditions  from 
the  look-up  table.  This  operation  is  computationally  inexpensive  and  more  accurate 
than  using  correlation  formulas.  The  look-up  tables  have  as  input  the  local  Reynolds 
number  which  is  computed  from  the  instantaneous  flow  rate  and  the  dimensions  of 
the  element  (i.e.  diameter,  length,  etc.)  The  result  is  given  as  a  loss  coefficient  (£) 
which  is  then  converted  to  a  pressure  loss  by  substituting  the  loss  coefficient  into 
equation  3.16.  A  typical  fluidic  resistance  block  is  shown  in  Figure  3-11. 

The  flow  rate  equations  3.2  and  3.3  were  coded  in  the  following  manner  to 
accomodate  for  SIMULINK’s  architecture: 


PhPr  ~  Pch  ~  A JVg)  -  A fi(Q)  -  AP2(Q)^j 


(3.20) 


In  equation  3.20  Q  is  the  flow  rate,  Pf ipr  is  the  upstream  pressure  (Pressure  in  the 
high  pressure  reservoir),  Pch  is  the  downstream  pressure  (pressure  in  the  chamber), 
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Figure  3-13:  Time  histories  of  chamber  pressure,  inlet  valve  flow  rate,  outlet  valve 
flow  rate  and  valve  openings  for  the  resonance  condition  of  an  Energy  Harvester, [36]. 
Continuous  lines  are  for  inlet  parameters 
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&Pv(Q)  is  the  head  lost  at  the  valve  and  I  is  the  fluid  inductance  defined  by  equa¬ 
tion  3.14.  It  should  be  noted  that  the  head  loss  across  the  valve  is  also  a  function  of 
the  flow  rate  ( Q )  and  that  the  equation  is  solved  iteratively  by  SIMULINK.  Equation 
3.20  is  shown  in  its  SIMULINK  representation  in  figure  3-12. 

Plots  of  sample  simulations  are  shown  in  Figure  3-13.  The  high  frequency  ripples 
of  the  chamber  pressure  signal  are  due  to  piston  dynamics  included  in  the  model. 


3.3  Summary 

This  chapter  described  the  lumped  parameter  model  chosen  for  initial  designs  and 
calculations.  A  detailed  explanation  of  the  lumped  model  structure  for  the  Micro- 
Hydraulic  Transducer  was  formulated.  The  dominating  components  were  identified 
and  order  of  magnitude  comparisons  between  components  were  made.  The  microvalve 
was  identified  as  the  dominating  resistance  suggesting  the  need  of  a  more  accurate 
model  to  optimize  the  valve.  The  SIMULINK  version  of  the  model  was  presented  and 
sample  time  histories  have  been  included. 
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Chapter  4 

Experimental  Setup 


The  research  strategy  previously  discussed  called  primarily  for  an  experimental  ap¬ 
proach  to  study  the  microvalve  behavior.  As  mentioned  before,  even  partial  instru¬ 
mentation  of  a  microvalve  is  not  trivial,  for  this  reason  a  scaled  up  version,  a  macro¬ 
scale  valve  experiment  was  considered. 

In  this  chapter,  the  geometrical  and  dynamic  similarity  concepts  employed  to  re¬ 
late  the  macro  to  micro-scale  scale  results  are  discussed. The  relevant  non-dimensional 
numbers  are  defined  and  the  scaling  effects  are  explored.  The  second  section  of  the 
chapter  will  cover  the  experimental  macro-scale  facility.  Fabrication,  instrumentation, 
and  setup  capability  issues  are  addressed.  Finally,  the  experimental  methodology  and 
data  validation  tests  are  presented. 


4.1  Experiment  Design 

The  flow  conditions  between  a  model  and  a  prototype  are  similar  if  geometric,  kine¬ 
matic  and  dynamic  similarity  is  achieved.  Once  similarity  is  achieved  the  results 
obtained  with  the  model  can  be  related  to  the  prototype  via  previously  defined  scal¬ 
ing  laws. 

Geometrical  similarity  is  attained  by  replicating  the  geometry  of  the  full  scale 
(microvalve)  at  the  macro-scale.  Kinematic  similarity  is  obtained  if  the  model  and 
prototype  have  homologous  length-scale  ratio  and  time-scale  ratio.  A  result  of  the 


47 


temporal  and  spatial  ratio  equivalence  will  be  a  similar  velocity  ratio  and  therefore 
a  kinematic  similarity.  Dynamic  similarity  refers  to  a  model/prototype  system  with 
equivalent  force-scale  ratio  throughout.  Dynamic  and  kinematic  similarity  are  at¬ 
tained  by  matching  the  Reynolds  and  Strouhal  numbers  [34}. 

The  Reynolds  number 


Re=  —  (4.1) 

v 

represents  the  ratio  of  inertial  to  viscous  forces  and  is  a  function  of  the  length 
scale  (/),  the  local  mean  flow  velocity  (u),  and  kinematic  viscosity  (u).  Expressing 
the  Reynolds  number  as  a  function  of  a  flow  rate  ( Q ),  we  obtain 


Q 

Re  =  -,. 
vl 


(4.2) 


For  a  fixed  flow  rate  (Q),  the  Reynolds  number  scales  linearly  with  the  length 
scale  (/). 

The  Strouhal  number  is  used  to  describe  the  unsteadiness  of  a  flow,  and  it  is 
defined  as: 


S  =  —  (4.3) 

u 

where  /  is  the  oscillatory  frequency  of  the  flow,  l  is  the  characteristic  length  scale, 
and  u  is  the  local  flow  velocity.  For  a  fixed  Reynolds  and  Strouhal  number,  the  driving 
frequency  (/)  scales  as  the  reciprocal  of  the  length  scale  squared  (/  oc  /-2). 

The  pressure  drop  in  a  scaled-up  model  of  the  micro-valve  is  also  a  function  of 
the  length  scale.  In  this  case,  assuming  that  the  head  loss  across  a  microvalve  is 
characterized  by  a  loss  coefficient  as  defined  by  equation  3.16.  Replacing  the  flow 
velocity  (ti),  by  the  Reynolds  number,  and  solving  for  the  pressure  drop  we  obtain: 

ap=H^)2  (4-4) 

which  shows  that  the  pressure  drop  (A P)  is  inversely  proportional  to  the  square 


48 


of  the  length  scale  (l). 


4.1.1  Scale  Effects 

One  disadvantage  of  scaling  up  a  system  is  that  some  parameters  are  difficult,  or 
impossible  to  scale  properly.  In  the  present  case,  the  most  obvious  parameter  that 
was  not  matched  was  that  of  the  surface  finish,  but  this  is  thought  to  be  less  important. 
However,  one  attribute  of  microfabrication  that  is  important  to  match  is  the  sharp 
corners  that  define  MEMS-fabricated  edges.  Care  was  taken  to  ensure  that  this 
feature  was  preserved  in  the  macro-rig. 

Another  disadvantage  of  scaling  up  a  system  is  that  some  effects  that  may  be 
considered  negligible  in  the  full  scale  (micro-scale)  system  do  have  an  important 
effect  as  the  system  is  scaled  up.  An  important  scale  effect  observed  in  the  macro¬ 
scale  facility  was  that  of  gravity.  The  Froude  number  is  defined  as 

Fr  =  (4.5) 

where  the  Re  is  the  Reynolds  number,  v  is  the  kinematic  viscosity,  l  is  the  length 
scale  and  g  is  the  gravitational  constant.  For  a  fixed  Reynolds  number  Froude  is 
inversely  proportional  to  the  third  power  of  the  length  scale.  In  the  micro-scale  Fr  ~ 
30000  which  tells  that  gravity  effects  are  negligible.  For  the  macro-scale  experiment 
the  Froude  number  becomes  about  30  which  shows  that  gravity  effects  are  important. 

Once  the  scaling  relations  were  known,  it  was  important  to  relate  these  parameters 
to  practical  experimental  considerations.  In  choosing  a  convenient  scale  factor  several 
issues  needed  to  be  addressed  : 

•  Machining  limitations 

•  Instrumentation 

•  Actuation  frequency 

•  Flow  rates 

•  Expected  pressures 
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A  scaled  up  version  of  the  microvalve  should  be  machined  using  traditional  meth¬ 
ods  such  as  milling  and  turning.  The  use  of  standard  machine  shop  technology  sig¬ 
nificantly  reduced  lead  times  and  allowed  for  quick  modifications  of  parts. 

A  properly  scaled  macrovalve  would  permit  the  use  of  off-the-shelf  instrumenta¬ 
tion  such  as  pressure  sensors,  flowmeters  and  temperature  sensors.  A  fundamental 
advantage  of  the  scaled-up  system  is  that  there  is  enough  space  for  instrumenting  the 
valve  test  section  and  monitoring  the  flow  rates,  pressures,  valve  position  and  tem¬ 
perature  of  the  fluid  at  the  same  time.  The  ability  to  measure  all  these  parameters 
gives  a  clearer  picture  of  the  flow  behavior. 

The  actuation  frequency  (/)  of  the  valve  is  an  important  factor  for  the  sizing  of  the 
macro-scale  experiment.  It  should  be  pointed  out  that  although  this  parameter  has 
no  effect  on  steady-state  measurements,  the  same  setup  will  be  employed  for  future 
unsteady  macro-scale  experiments  and  therefore  should  be  considered  as  a  design 
requirement.  The  intent  is  to  lower  the  operational  frequency  so  that  a  conventional 
actuator  may  be  employed  to  drive  the  valve. 

Considering  all  the  above  listed  requirements  and  issues,  a  scaling  factor  of  ten 
was  chosen  for  the  macro-scale  experiment,  resulting  in  a  valve  of  approximately  1 
cm  in  diameter.  The  stroke  of  the  valve  is  400  /j,m.  The  size  of  the  setup  allowed  for 
complete  instrumentation.  The  driving  frequency  for  an  actuated  valve  would  be  in 
the  range  of  100  Hz.  The  maximum  flow  rate  needed  was  in  the  order  of  3  liters-per- 
minute.  The  expected  pressures  were  in  the  range  of  1000  to  20,000  Pa.  These  were 
the  functional  requirements  that  drove  the  experimental  setup  design. 
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Figure  4-1:  Schematic  of  the  macro-scale  test  facility  layout. 


4.2  Macro-scale  setup 

4.2.1  Fluid  Delivery  Section 

A  schematic  of  the  experimental  setup  is  shown  in  Figure  4-1.  The  fluid  used  for  the 
experiments  is  deionized  water  which  flows  from  the  reservoir  to  a  1/15  HP  centrifugal 
pump  passing  through  a  control  needle  valve  and  into  a  50  //m  particulate  filter.  The 
purpose  of  the  filter  is  to  remove  any  particulates  that  could  clog  the  flowmeters  and 
doubles  as  a  settling  chamber  for  the  incoming  fluid. 

The  range  of  flowrates  explored  in  the  experiments  required  the  use  of  multiple 
pressure  sensors  and  flowmeters  in  order  to  accurately  monitor  the  spectrum  of  test 
conditions.  The  setup  includes  two  Cole-Palmer  differential  pressure  liquid  flowmeters 
(Cole-Parmer  model  32916-16  and  14)  each  with  an  uncertainty  of  3%  (full  scale). 
The  low  discharge  flowmeter  has  a  maximum  flow  rate  of  1  liter/min  and  the  high 
discharge  flowmeter  has  a  maximum  discharge  of  5  liters/min.  Both  flowmeters  have 
a  0-5  volt  output  to  the  data  acquisition  system.  A  rotameter  was  placed  in  series 
with  the  flowmeters  to  ensure  consistency  in  the  measured  flowrates.  The  calibration 
of  each  flowmeter  was  checked  gravimetrically  prior  to  the  experiments. 
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The  water  then  flowed  into  the  test  section  and  to  the  sump  where  the  temperature 
of  the  water  was  measured.  The  temperature  was  measured  using  an  Omega  K- 
type  submersible  thermocouple  and  corroborated  with  a  regular  thermometer.  The 
Temperature  (T)  data  was  used  to  correct  the  dynamic  viscosity  (jn)  of  the  deionized 
water  according  to: 


M  = 


0.1 


-120  +  2.1428  (T[°C]  -  8.435  +  ^8078.4  +  (T[°C\  -  8.435)=)  I 


(4.6) 


obtained  from  Richter  [26].  Once  in  the  sump,  the  water  was  pumped  back  to  the 
reservoir  using  an  automatic  sump  pump  completing  the  circuit. 


4.2.2  Test  Section 

The  test  section,  illustrated  in  Figure  4-2,  is  axisymmetric  with  the  test  fluid  flowing 
in  from  the  center  tube  and  exhausting  radially  outward.  The  test  section  may  be 
subdivided  into  three  subsections:  inlet,  valve  and  positioning  section.  The  inlet 
section  consists  of  a  3/8in  Aluminum  tube,  36in  (96  diameters)  long.  The  tube  is 
connected  to  the  valve  section  and  special  care  was  taken  to  ensure  that  the  inside 
surface  was  free  of  gaps  and  steps. 

The  valve  section  has  two  cylindrical  plates,  which  were  ground  flat  to  a  speci¬ 
fied  planarity  of  less  than  1  mil  (checked  with  dial  gauge).  Accurate  control  of  the 
separation  of  the  two  plates  is  critical  to  the  experiment,  and  so,  to  ensure  that  the 
plates  were  parallel,  they  were  separated  by  three  thickness  gauges  placed  120°  apart, 
and  tightened  with  screws.  The  separation  was  then  re-checked  with  thickness  gauges 
and  a  depth  micrometer.  Dowel  pins  ensured  the  concentricity  of  the  upper  and  lower 
plates.  The  upper  plate  also  serves  as  guide  for  the  valve,  which  slides  up  and  down 
inside  a  sleeve. 

The  valves,  as  well  as  the  seats,  were  fabricated  such  that  all  the  edges  remained 
sharp  with  no  appreciable  fillets  (checked  under  a  microscope).  This  is  important 
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Figure  4-3:  Valve  geometry  detail. 


Table  4.1:  Valve  diameters  (dy)  with  corresponding  seat  widths  (s)  and  non- 
dimensional  seat  widths  (a) 


Valve  diameter  (d3y3) 

Valve  seat  width  (s) 

0 

I 

0.383  in  (9.72  mm) 

0.004  in  (0.10  mm) 

0.01 

2 

0.437  in  (11.10  mm) 

0.031  in  (0.78  mm) 

0.08 

3 

0.562  in  (14.24  mm) 

0.093  in  (2.36  mm) 

0.25 

because,  as  mentioned  above,  the  flow  is  quite  sensitive  to  rounded  edges  which 
would  not  be  present  in  a  MEMS-fabricated  fluidic  system.  Pressure  was  sensed  both 
upstream  and  downstream  of  the  valve.  Two  pressure-sensing  ports,  180°  apart,  were 
used  downstream,  to  ensure  that  the  flow  was  symmetric.  Pressure  sensing  both 
upstream  and  downstream  of  the  valve  was  performed  using  two  wet-wet  differential 
pressure  transducers.  The  low-side  transducer  was  a  Setra  model  230  with  a  pressure 
range  of  0-2  psid  and  accuracy  of  ±  0.25%(FS).  The  high-side  sensor  was  a  sensotec 
model  FP2000FDW 1 VJ  with  a  range  from  0-150  psid.  The  accuracy  of  this  sensor  is 
quoted  as  0.1% (FS). 

The  valve  head  was  positioned  using  a  micrometer  (accuracy  ±  5  /im)  with  a 
special  non-rotating  head,  bonded  to  the  valve.  The  valve  position  was  measured 
before  and  after  each  measurement  with  a  thickness  gauge. 

4.2.3  Valve  Geometry 

The  valve  geometry  employed  for  the  experiments  is  detailed  in  Figure  4-3.  The  inlet 
diameter  (d0)  was  3/8  in  (9.525  mm),  plate  separation  (hp)  was  set  at  450  fim.  The 
valve  opening  (hv)  was  varied  from  fully-closed  to  fully-open.  Three  valve  diameters 
were  employed,  as  shown  in  Table  4.1.  For  each  of  these  configurations,  the  loss 
coefficient  was  measured  as  function  of  the  Reynolds  number,  valve  stroke  (h*  = 
h„/hp)  and  seat  width  (s). 
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4.2.4  Experimental  Procedure 

The  experimental  procedure  followed  for  each  experimental  run  is  detailed  next.  The 
idea  behind  such  a  methodology  is  to  minimize  the  probability  of  externally  induced 
variations  in  the  test  conditions  and  to  minimize  the  effect  of  known  disturbances 
such  as  bubbles,  instrument  tare  offset  and  temperature  transients. 

The  setup  is  energized,  and  the  tare  of  the  flowmeters  is  reset.  The  position 
of  the  valve  is  set  with  the  micrometer  and  checked  with  the  corresponding  feeler 
gauge.  The  valves  are  then  opened  and  the  pump  started.  In  order  to  dislodge  any 
existing  bubbles  the  flow  rate  is  stepped  up  to  its  maximum  value.  The  readout  of 
the  flowmeter  is  checked  with  the  rotameter  to  assure  the  consistency  of  the  flow 
measurements. 

The  wet-wet  differential  pressure  sensor  is  purged  via  the  drain  screws  and  the 
signal  is  observed  in  the  oscilloscope.  The  system  runs  for '5  minutes  before  any 
measurement  is  taken  in  order  to  ensure  steady  state  conditions. 

The  data  acquisition  system  was  a  National  Instruments  board  and  the  software 
employed  was  LAB  VIEW  release  5.1.  The  data  was  sampled  at  2  kHz  with  an  over- 
sampling  of  10  points,  averaged  over  4  periods  of  5  seconds  each  resulting  in  a  total 
of  10,000  points  per  reported  point.  Multiple  runs  were  made  cycling  from  lower  to 
higher  flows  and  viceversa  in  order  to  establish  if  any  hysteretic  behavior  was  present. 

The  data  points  were  converted  using  the  conversions  functions  provided  with  each 
sensor.  For  each  data  point  the  time  average  and  standard  deviation  were  calculated. 
This  information  was  then  saved  for  further  analysis. 

4.2.5  Calibration  Experiments 

In  order  to  ascertain  if  the  test  setup  and  data  acquisition  systems  were  properly 
installed  a  test  experiment  was  performed.  The  test  experiment  was  a  simple  orifice 
experiment.  The  test  section  in  this  case  was  substituted  by  that  shown  in  figure  4-4. 
This  orifice  test  setup  is  made  of  Aluminum  and  is  comprised  of  3  parts  the  upstream 
section,  the  orifice  plate  and  the  downstream  section.  The  pipe  diameter  ( D )  is 
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D=  3/8in.  The  orifice  diameter  ( d )  is  d=  0.15  in  and  the  plate  is  t=l/16  in  thick. 
The  upstream  pressure  tap  is  located  ID  diameters  from  the  orifice  plate  and  the 
downstream  pressure  tap  is  located  1/2  D  diameters  from  the  orifice  plate. 

The  results  of  the  experiment  are  shown  in  Figure  4-5  where  the  x-axis  shows  the 
Reynolds  number  based  on  pipe  diameter  ( D )  and  the  y-axis  is  the  orifice  discharge 
coefficient.  The  orifice  discharge  coefficient  Cd  is  defined  by  : 


where  Q  is  the  flow  rate,  A0  is  the  orifice  area,  /3  is  the  orifice  to  pipe  diameter 
ratio,  p  is  the  fluid  density  and  A P  is  the  static  pressure  drop  across  the  orifice.  The 
orifice  tested  is  classified  as  a  thick  orifice  (t*  =  0.425)  as  opposed  to  thin  orifices 
which  have  a  t*  <  0.02.  For  thick  orifices  the  separation  bubble  created  at  the  orifice 
leading  edge  tends  to  reattach  to  the  orifice  walls  thus  reducing  the  head  loss. 

Figure  4-5  shows  that  the  experimental  values  obtained  are  approximately  3% 
higher  than  those  expected  for  small  orifices  with  reattached  flow  from  published 
data  by  Lichtarowicz[16]. 

As  it  can  be  appreciated  the  data  shown  is  nearly  independent  of  the  Reynolds 
number  consistent  with  the  known  behavior  of  orifices  for  turbulent  flow.  Another 
important  factor  to  be  noted  for  this  test  experiment  is  that  the  data  shows  good 
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Figure  4-5:  Test  orifice  discharge  coefficient  vs  Reynolds  number. 


repeatability. 

4.3  Summary 

In  this  chapter  the  scaling  issues  associated  with  a  macro-scale  experiment  have  been 
discussed.  The  relevant  non-dimensional  numbers  were  defined  and  scaling  powers 
derived.  Practical  considerations  of  scaling  up  a  system  were  addressed  and  finally  a 
scaling  factor  of  ten  was  chosen  for  the  macro-scale  facility. 

The  second  part  of  the  chapter  focused  on  the  experimental  setup  of  the  macro¬ 
scale  facility.  The  general  architecture  of  the  system  was  described,  and  the  sensing 
capabilities  of  the  system  were  discussed.  Finally  calibration  data  is  presented  and 
compared  to  published  results. 
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Chapter  5 


Experimental  Results  and 
Correlations 


In  this  chapter  the  experimental  results  for  the  three  valves  described  previously  are 
reported.  The  characteristics  and  sensitivities  to  various  parameters  are  reported  and 
finally  the  modified  valve  model  is  presented. 

5.1  Experimental  Results 

The  flow  is  characterized  by  a  discharge  coefficient  (Cq)  which  is  a  function  of  the 
volumetric  flow  rate  (Q),  the  inlet  diameter  (do),  the  fluid  density  (p),  and  the  static 
pressure  difference  (A P)  as  shown  by: 

Cg  =  l^hp^Kp  (5,1) 

This  represents  the  measured  flow  rate,  normalized  by  the  ideal  flow  rate  based  on 
the  applied  pressure  drop  and  an  equivalent  area.  The  Reynolds  number  is  a  function 
of  the  volumetric  flow  rate  (Q),  the  kinematic  viscosity  (u)  and  the  valve  opening 
(h)  and  is  defined  as: 


Re*  = 


(5.2) 
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Figure  5-1:  Discharge  Coefficient  vs.  Reynolds  number  for  different  percentages  of 
valve  opening  (h*)  for  valve  1.  The  plate  separation  (hp)  was  450  /im 

This  scaling  is  chosen  so  that,  in  the  laminar  flow  regime  where  the  flow  rate 
is  proportional  to  the  pressure  drop,  the  discharge  coefficient  is  proportional  to  the 
Reynolds  number.  In  Figure  5-1  the  discharge  coefficient  Gq  is  plotted  versus  the 
Reynolds  number  Re*  for  different  percentages  of  valve  opening  (h*).  It  is  observed 
that  in  the  turbulent  regime,  as  expected,  the  discharge  coefficient  (Cq)  becomes  a 
weak  function  of  the  Reynolds  number  and  therefore  remains  almost  constant. 

In  the  laminar  regime  the  pressure  drop  (A P)  becomes  proportional  to  the  flow 
rate  (AP  oc  Q).  The  discharge  coefficient ‘is  then  directly  proportional  to  the  square 
root  of  the  flow  rate  and  linearly  proportional  to  the  Reynolds  number,  as  defined 
above.  It  should  be  pointed  out  that  closer  analysis  of  the  data  presented  in  Figure  5-1 
indicates  that  only  the  curves  for  77%  and  100%  aperture  achieved  laminar  flow.  The 
remaining  curves  show  a  transition  regime  behavior  with  AP  ocQ1,6  1-8  depending  on 
the  case.  Drawing  an  analogy  to  pipe  flow  this  is  reminiscent  of  classical  low-Reynolds 
number  turbulent  behavior  as  described  by  Blasius[34].  The  qualitative  change  in  the 
transition  point  from  laminar  to  turbulent  as  the  percentage  of  valve  opening  ( h *) 
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changes  can  be  explained  if  we  consider  that  we  have  two  competing  flows.  The 
first  one  is  the  parallel  plate  axisymmetric  radially  divergent  flow  that  undergoes 
a  continuous  decelaration.  This  flow  shows  a  transition  at  Reynolds  numbers  Re0 
~  2000,  as  shown  by  Moller[18].  The  second  flow  is  an  orifice-type  flow,  which 
remains  turbulent  at  much  lower  Reynolds  numbers.  This  explains  the  fact  that  as 
the  valve  closes  the  orifice-type  effect  becomes  dominant  and  turbulent  flow  continues, 
even  for  Re0  <  2000. 

It  should  also  be  pointed  out  that,  in  some  cases,  hysteresis  was  observed  as 
measurements  were  taken  cycling  from  lower  to  higher  flow  rates  ( Q )  and  viceversa. 
Hysteresis  is  clearly  visible  for  the  77%  ( h *)  curve,  and  is  consistent  with  observations 
of  Schrenk[29]. 

Inspection  of  figures  A-2,  A-l  and  5-1  shows  that  the  transition  Reynolds  number 
varies  with  valve  opening  (hy)  and  seat  width  (s).  Observation  of  the  Reynolds 
number  behavior  for  the  different  valves  suggests  that  for  a  given  valve  the  transition 
Reynolds  number  is  nearly  a  linear  function  of  the  valve  opening  ratio  ( h *)  as  seen  in 
Figure  5-2.  Observing  that  the  slopes  are  similar,  a  unified  formula  for  the  transition 
Reynolds  number  is  proposed.  The  transition  Reynolds  number  is  described  as  a 
function  of  the  valve  opening  ratio  ( h *)  and  the  valve  diameter  (of* )  ratio.  Having 
an  expression  that  predicts  the  transition  Reynolds  number  for  different  valves  and 
openings  we  can  define  a  modified  Reynolds  number  (Rem)  such  that  all  curves  will 
experience  transition  at  the  same  point.  The  curve  is  empirical  in  nature  and  no 
attempt  is  made  to  relate  it  to  physical  variables.  The  modified  Reynolds  number 
(Rem)  is  defined  as 


n  „  1  -  0.692d*  \  /  2942  —  2205d*\ 

&m  ~  60  \2.483e-3  -  2.818 e~3d*  j  +  (  1  -  1.88rf*  j  ^  ^ 

where  Re o  is  the  Reynolds  number  based  on  the  valve  inlet  diameter  (do),  h *  is 

the  valve  opening  ratio  and  <f*  is  the  valve  diameter  ratio.  The  results  of  the  scaling 

can  be  seen  in  Figure  5-3. 
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Figure  5-2:  Transition  Reynolds  number  vs  valve  opening  ratio,  h* 
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Figure  5-3:  Discharge  coefficient  (Cq)  for  valve  #1  vs  modified  Reynolds  number 
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Figure  5-4:  Discharge  coefficient  (Cg)  vs.  non-dimensional  valve  opening  (h*)  for  the 
three  valves;  plate  separation  (hp)  450  /zm. 


5.1.1  Valve  Opening  Dependence 

The  pressure  drop  vs.  valve  opening  relationship  for  turbulent  flow  was  explored 
further  and  the  results  are  shown  in  Figure  5-4,  where  the  discharge  coefficient,  Cq, 
is  plotted  versus  the  percentage  of  valve  opening  ( h *)  for  the  three  different  valves. 
The  discharge  coefficient,  Cq,  is  observed  to  vary  linearly  with  the  valve  opening, 
and  to  be  more-or-less  independent  of  the  valve  geometry,  and  shows  that,  based 
on  the  definition  of  Cq  in  equation  5.1,  the  static  pressure  difference  is  proportional 
to  the  square  of  the  non-dimensional  valve  opening  ( h *)  This  result  emphasizes  the 
importance  of  maximizing  the  stroke  for  these  valves  in  system  designs. 

Knowing  the  dependence  of  the  discharge  coefficient  ( Cq )  to  the  non-dimensional 
valve  opening  ( h *)  allows  us  to  define  a  modified  discharge  coefficient  (Cm)  such  that 
all  the  curves  can  be  collapsed  onto  one  band  for  the  turbulent  flow  regime.  This 
modified  discharge  coefficient  is  based  on  the  valve  opening  (h„)  raised  to  some  power 
m,  and  on  the  inlet  diameter  (do)  having  the  form: 
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Figure  5-5:  Modified  discharge  coefficient  (Cm)  vs.  Reynolds  number  for  valve  #1 
and  plate  separation  hp  =  450/im 

Cm=  KdQhfsl1lKP'  ^ 

The  advantage  of  doing  this  is  that  a  valve  may  be  modeled  rather  accurately 
using  a  single  corrected  discharge  coefficient  formula.  Such  a  scaling  can  be  seen  in 
Figure  5-5  where,  for  valve  #1,  the  scaling  power  (m)  had  a  value  of  one.  Here,  we  see 
that,  for  all  valve  openings,  the  modified  discharge  coefficient  ( Cm )  lies  between  0.88 
-  0.93.  It  should  be  noticed  that  as  transition  effects  start  to  become  important  this 
approximation  fails  and  should  therefore  be  employed  with  caution.  This  behavior 
also  supports  the  analogy  between  poppet  disc  valves  and  orifices.  The  same  behavior 
was  also  observed  in  the  other  valves,  although  the  proper  scaling  coefficient  varied 
slightly.  A  numerical  curve  fit  indicated  that,  for  valves  #2  and  #3,  a  value  of  m=  0.8 
provided  a  better  collapse  of  the  data  in  the  high-flow  regime.  The  change  in  the  value 
of  rn  is  a  consequence  of  flow  reattachment  to  the  valve  seat  as  the  valve  opening  to 
seat  width  ratio  becomes  smaller.  This  effect  is  addressed  in  detail  in  the  following 
subsection. 
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Figure  5-6:  Discharge  coefficient  vs.  non-dimensional  seat  width  (a).  The  plate 
separation  was  hp=450  /zm. 


5.1.2  Valve  Seat  Width  Dependence 

The  effect  of  the  valve  seat  width  was  investigated  with  three  valves  of  different  seat 
widths  (s).  The  results  are  shown  in  Figure  5-6  where  the  z— axis  shows  the  ratio  of 
valve  opening  ( h „)  to  seat  width  (s),  defined  as  (a).  The  y— axis  uses  the  modified 
discharge  coefficient  (Cm)  with  a  scaling  power  m=  1.  One  interesting  result  is  that  for 
values  of  a  >  1  the  modified  discharge  coefficient  is  not  affected  by  the  seat  width, 
s.  Once  this  threshold  is  passed,  however,  the  discharge  coefficient  becomes  very 
sensitive  to  the  seat  width  and  rises  rapidly.  Significant  pressure  recovery  is  observed, 
even  surpassing  Cm=l.  This  increase  in  discharge  coefficient  may  be  explained  by 
drawing  an  analogy  to  thick  orifices.  For  a  thick  orifice,  the  separation  bubble  tends 
to  reattach  within  the  throat  area  as  shown  by  Sahin  et  al.[28].  The  reattachment 
reduces  the  flow  losses  across  the  orifice.  For  the  case  where  the  non-dimensional  seat 
width  o  <  1  the  same  phenomenon  is  observed  and  we  theorize  that  the  separated 
flow  undergoes  reattachment  with  the  accompanying  pressure  recovery. 

The  results  shown  in  Figure  5-6  are  consistent  with  those  obtained  by  Johnston  et 
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Figure  5-7:  Seat  width  effect  on  discharge  coefficient  from  Johnston  et  al  [14] 


al[U],  shown  in  Figure  5-7,  and  Lichtarowicz[15]  .  The  main  difference  seen,  though, 
is  that  Johnston  observed  a  minimum  CTO  of  0.75  where  we  observed  a  higher  value 
of  approximately  0.9.  The  reason  for  this  difference  is  attributed  to  geometrical  dif¬ 
ferences  in  the  valve  test  setup.  However  it  is  recognized  that  although  the  trends 
are  similar  to  those  of  other  researchers  more  experiments  are  required  to  fully  char¬ 
acterize  this  behavior.  A  curve  fit  for  the  discharge  coefficient  ( Gm )  as  a  function  of 
a,  the  valve  opening  over  seat  width  ratio,  is  given  by 


o.i 


which  is  a  function  of  the  valve  seat  width  (s)  and  the  modified  Reynolds  number. 
The  value  of  b  oscillates  from  0  to  0.1  depending  on  flow  conditions.  The  valve  opening 
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Figure  5-8:  Loss  coefficient  vs.  Reynolds  number  comparison  between  experimental 
results  and  the  lumped  model  for  various  valve  opening  percentages  (h*). 

dependence  changes  slightly  as  the  Reynolds  number  decreases  reaching  the  transition 
zone  changing  the  exponent  b  from  0  to  0.1.  The  effect  is  related  to  the  Reynolds 
number  dependence  of  the  reattachment  point  as  pointed  out  by  Nakabayashi  and 
Ichikawa[20] . 

One  important  factor  to  mention  is  the  behavior  observed  with  valve  #2,  this 
valve  shows  a  flow  reattachment  similar  as  that  shown  by  valve  #3.  The  behavior  of 
valve  #  2,  however  reaches  a  maximum  and  then  a  sharp  decrease  of  the  discharge 
coefficient  is  observed.  In  this  case  it  is  hypothesized  that  surface  friction  forces 
become  important  diminishing  the  effect  of  the  pressure  recovery  product  of  the  flow 
reattachment  as  pointed  out  by  Lichtarowicz[15].  More  experiments  are  required 
in  the  future  to  map  and  understand  this  behavior  and  available  data  from  other 
researchers  shows  considerable  scatter  making  more  difficult  the  task  of  identifying 
the  point  where  the  maximum  is  reached. 
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5.1.3  Comparison  of  Lumped  Model  to  Data 

A  comparison  of  the  original  lumped  model  and  the  data  for  valve  #1  is  presented 
in  Figure  5-8,  where  the  x— axis  is  the  Reynolds  number  based  on  the  inlet  flow  area 
( Al ),  as  defined  by: 


and  the  y— axis  is  a  loss  coefficient  (o  defined  by: 


(5.7) 


(5.8) 


where  A P0  is  the  total  pressure  drop,  p  is  the  fluid  density,  Q  is  the  volumetric 
flow  rate,  do  is  the  inlet  diameter  and  hy  is  the  valve  opening.  It  is  observed  that  the 
original  order-of-magnitude  flow  model  captures  correctly  the  flow  physics  of  the  valve 
although  the  numerical  values  are  off  by  a  factor  of  2  with  respect  to  experimental 
values.  In  addition,  the  original  model  does  not  accurately  capture  the  transition 
point. 


5.2  Modified  model 

It  may  be  argued  that  the  valve  flow  cycles  from  a  dominant  axisymmetric  radially 
divergent  parallel  plate  flow  to  an  orifice  flow  depending  as  a  function  of  the  valve 
opening.  In  order  to  establish  a  more  accurate  prediction  for  the  start  of  transition 
regime  a  closer  look  at  the  flows  is  important, 

5.2.1  Detailed  orifice  model  background 

The  thin  sharp  edged  orifice  flows  have  been  studied  in  detail  by  many  researchers. 
The  turbulent  behavior  of  orifices  is  heavily  documented  and  because  of  its  use  as 
flowmeter,  standard  empirical  correlations  exist.  Transition  in  this  flows  is  observed 
for  Reynolds  numbers  (based  in  the  orifice  diameter)  in  the  range  of  3000  -  4500  as 
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reported  by  Reader-Harris[25].  Reader-Harris  and  coworkers  presented  a  new  corre¬ 
lation  for  the  enlarged  EEC/ API  database.  The  database  includes  data  for  orifices 
from  50  and  600  mm  pipes.  The  improved  orifice  discharge  (Cd)  equation[25]  is  given 
by: 


Cd  =  0.5934  +  .0232/313  -  0.2010/38  +  .000515 
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The  orifice  discharge  coefficient  ( Cd)  is  seen  to  be  a  function  of  the  orifice  to  pipe 
diameter  ratio  (/?),  the  Reynolds  number  (Reo)  based  on  the  pipe  diameter  (D), 
the  distance  between  the  upstream  pressure  tap  to  pipe  diameter  ratio  (fi)  and  the 
distance  between  the  downstream  pressure  tap  to  pipe  diameter  ratio  ( ^ )• 

The  discharge  coefficient  for  orifices  at  lower  Reynolds  numbers  (Re^  <  1000) 
is  not  as  well  known.  Results  by  Mills[34]  and  Sahin[28]  suggest  that  for  Reynolds 
numbers  up  to  Re^  «  25  the  orifice  discharge  coefficient  for  laminar  flow[34]  is  given 
by: 
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Figure  5-9:  Sharp  edged  orifice  discharge  coefficient  vs  Reynolds  number 


Cd  =  0.15  VRe-  (5.12) 

Combining  the  known  turbulent  behavior  described  by  equation  5.9  and  the  lami¬ 
nar  flow  behavior  of  equation  5.12  a  map  for  the  behavior  of  the  behavior  of  a  simple 
thin  sharp  edged  orifice  is  shown  in  figure  5-9.  The  transition  region  ranges  from 
Reft:  25  to  Reft  4500. 

For  Reynolds  less  than  104,  the  discharge  coefficient  has  to  be  corrected  for 
Reynolds  dependency  and  surface  conditions,  and  these  correlations  are  less  com¬ 
mon  and  less  reliable  than  those  for  fully  rough  turbulent  regime. 

In  the  case  of  long  orifices  results  by  Lichtarowicz[16]  showed  that  the  discharge 
coefficients  are  significantly  higher  than  those  predicted  for  thin  sharp  edged  orifices. 
In  particular  for  non-cavitating  long  orifices  for  l<Re<  10000  he  proposes  a  curve  fit 
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based  on  a  modified  Reynolds  numbers  (Re/,): 


(5.13) 


which  is  based  on  the  pressure  drop  across  the  orifice  (A  P),  the  fluid  density  (p), 
the  orifice  diameter  (d)  and  the  kinematic  viscosity  {v).  Lichtarowicz[16]  curve  fit  for 
the  orifice  discharge  coefficient  is  given  by: 


Cd 


1  20 
Coo  +  Reh 


0.005  £ 

1  +  7.5(ln(0.00015i2e/i))2 


(5.14) 


where  Coo  is  the  discharge  coefficient  for  Re/,  >  10000,  l  is  the  thickness  of  the 
orifice,  and  ( d )  is  the  orifice  diameter.  The  curve  fit  is  very  good  and  describes 
accurately  the  results  obtained  by  various  researchers  for  Reynolds  numbers  between 
1  and  10000.  Beyond  this  value  the  discharge  coefficient  becomes  independent  of  the 
Reynolds  number  (or  nearly  so)  and  is  described  by  the  equation[16]: 


Coo  =  0.827  -  0.0085^  (5.15) 

becoming  only  a  function  of  length  ( l )  to  orifice  diameter  (cf)  ratio.  The  higher 
discharge  coefficients  are  attributed  to  flow  reattachment  and  the  subsequent  pressure 
recovery  that  this  brings.  For  l/d  =  0.5  Lichtarowicz  found  that  the  orifice  discharge 
coefficient  rose  rapidly,  reaching  a  peak  at  about  Re/,  «  700  and  then  falling  rapidly 
to  the  ultimate  discharge  coefficient  (Cxi).  For  longer  orifices,  the  sharp  change 
smoothes  out  and  the  irregularity  almost  disappears. 


5.2.2  Modified  valve  model 

The  similarity  between  the  orifice  results  of  Lichtarowicz  (see  Figure  5-10  and  5-11) 
and  the  present  investigation  valve  results  (Figure  5-1)  is  striking.  It  is  interesting  to 
note  how  the  shape  of  the  curve  varies  as  the  length  to  diameter  ratio  of  the  orifice 
varies.  Analogously  the  valve  curve  profile  varies  in  the  same  manner  as  the  opening 
changes.  Qualitatively,  as  was  originally  hypothesized,  the  valve  can  be  seen  to  behave 
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Figure  5-12:  Scaled  data  for  valve  #1  and  valve  #3 


just  as  a  long  orifice  but  the  analogy  may  be  extended  to  the  laminar  regime. 

Considering  the  resemblance  between  the  orifice  and  valve  model  it  is  tempting  to 
attempt  to  correlate  the  current  valve  data  with  an  equation  similar  to  Lichtarowics 
equation  5.14.  Using  a  curve  fitting  program  (DATAFIT  by  Oakdale  Engineering)  it  is 
seen  that  the  curves  of  individual  experiments  correlate  well.  In  the  interest  to  obtain 
only  one  curve  for  all  experiments  the  current  data  is  scaled  using  equations  5.3,  5.5 
and  5.6.  Using  this  scaling  functions  the  transformed  data  collapses  into  one  curve 
as  seen  in  Figure  5-12 

The  curve  shown  in  Figure  5-12  can  be  approximated  by  using  equation  5.14  as 
suggested  by  Lichtarowicz.  The  curve  however  requires  different  coefficients  which 
were  obtained  using  the  curve  fitting  program  DATAFIT.  The  equation  is  then  given 
by  : 


1  nnee>  364.89  0.194 

_  —  f)  J _ 

Cq  Rem  1  +  2.608(ln(0.000718/2em))2 


(5.16) 


The  results  for  valve  #1  can  be  seen  in  Figure  5-13.  The  corresponding  plots  for 


valves  #2  and  #3  and  a  summary  of  the  equations  can  be  found  in  Appendix  A. 
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1 


Figure  5-13:  Curve  fitting  using  5.14  for  valve  #1 


5.3  Summary 

In  this  chapter  the  steady  state  experimental  results  for  three  valves  of  different  di¬ 
ameters  have  been  presented.  Parametric  studies  were  done  for  the  Reynolds  number 
dependency,  valve  aperture  dependence,  and  seat  width  dependence.  The  results  were 
compared  to  those  the  original  order  of  magnitude  valve  model  and  found  a  factor  of  2 
difference.  More  detailed  analysis  revealed  that  the  valve  behavior  approximated  that 
of  a  long  orifice  even  in  the  transition  and  laminar  regimes.  For  comparison  curve  fits 
using  an  empirical  formula  for  orifices  was  employed  with  good  results  further  con¬ 
firming  the  analogy  in  this  low  turbulence  regimes.  Finally  a  generalized  coefficient 
formula  as  function  of  valve  opening  and  valve  diameter  was  obtained. 
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Chapter  6 


Conclusions  and  Recommendations 

From  the  outset  of  this  research,  the  goal  has  been  to  generate  a  model  that  describes 
accurately  the  hydraulic  behavior  of  microsystems.  A  low-order  lumped  model  was 
constructed  and  integrated  to  a  full  system  simulation.  The  need  to  obtain  a  better 
representation  of  microvalve  behavior  led  to  experiments  to  characterize  their  behav¬ 
ior. 

The  flow  characteristics  of  a  poppet  type  disc  valves  with  geometries  defined  by 
standard  microfabrication  techniques  have  been  studied  employing  a  10:1  scale  exper¬ 
imental  facility.  The  experiments  have  shown  that  the  commonly  used  orifice  analogy 
is  a  good  approximation  in  the  turbulent  regime.  Transition  effects,  however  are  not 
properly  captured  by  such  model.  This  is  attributed  to  the  competing  nature  of  the 
axisymmetric  divergent  flow  between  two  parallel  plates  and  the  small  orifice  flow  for 
different  valve  openings. 

The  sensitivity  to  valve  stroke  has  been  characterized  for  the  turbulent  regime 
and  it  was  shown  that  A P  becomes  proportional  to  the  square  of  the  valve  opening 
to  plate  separation  ratio  (h*). 

The  valve  seat  width  effect  has  been  investigated  showing  that  for  the  turbulent 
regime  the  modified  discharge  coefficient,  Cm,  is  independent  of  the  valve  opening 
to  seat  width  ratio,  a.  It  has  also  been  seen  that  for  s  less  than  one,  the  modified 
discharge  coefficient  rises  significantly,  presumably  due  to  reattachment. 

What  is  particularly  encouraging,  however,  is  that  the  simple  model  does  capture 
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both  the  character  and  (with  a  factor  of  about  two),  the  numerical  values  of  the  loss- 
coefficients.  This  is  extremely  valuable  for  the  complex  design  in  which  many  trade¬ 
offs  need  to  be  balanced  to  ensure  a  functional,  robust  and  efficient  micro-hydraulic 
transducer. 

A  more  detailed  analysis  of  the  data  showed  that  qualitatively  the  flow  behavior 
is  strikingly  similar  to  that  of  long  orifice  for  the  transition  and  laminar  regimes. 
The  present  results  were  fitted  to  empirical  orifice  correlations  for  Reynolds  numbers 
Reft  <  10000.  The  resulting  model  is  comprised  of  two  scaling  formulas  :  a  modified 
Reynolds  number  formula  and  a  discharge  coefficient  formula  (as  function  of  the  valve 
opening  to  seatwidth  ratio).  These  two  formulas  allow  the  re-scaling  of  the  curves 
into  one  similarity  curve.  This  curve  may  in  turn  be  fitted  to  an  orifice  empirical 
orifice  formula  as  in  Lichtarowicz[16]. 

More  experiments  will  be  pursued  in  the  near  future,  including  unsteady  mea¬ 
surements  and  measurements  in  the  full-scale  (micro)  device.  A  second  step  in  the 
systematic  study  of  the  valve  will  be  unsteady  measurements  to  obtain  a  better  under¬ 
standing  of  the  unsteady  behavior  at  high  frequencies  valves.  Finally  the  experiments 
will  be  taken  to  the  full-scale  prototype  microvalves.  In  this  experiments  comparisons 
between  the  results  obtained  with  the  macro-scale  valve  will  be  evaluated  for  the 
steady  and  unsteady  state. 
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Appendix  A 

Valve  Plots  and  Summary  of 
Model  Equations 


The  model  used  for  predicting  the  flow  losses  is  comprised  of  three  main  formulas:  a 
Reynolds  number  scaling,  a  discharge  coefficient  scaling  and  the  equation  that  relates 
the  scaled  Reynolds  number  to  the  scaled  discharge  coefficient. 


1  /  1  —  0.692d*  \  2942  —  2205d* 

h*  V2.483e  -  3  -  2.818e  -  3d*  J  +  1  -  1.88d* 


(A.l) 


= _ M _ ( _ I _ ) 

1  +  exp  (^po)  1 1  +  io(^^)  j 


(A.2) 


0.9203  + 


0.6755 


1  +  (a 


'.1327  J 


1.9361 


*\-b 


1  Cf  nnrn  364.89  0.194 

_  =  _ L  =  f)  Q^g  j _ 

C  Cm  '  Rem  l  +  2.608(ln(0.000718Rem))2' 
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(A.4) 
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(A.5) 
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Figure  A-l:  Reynolds  number  vs  Discharge  coefficient  for  valve  2  (dv=11.10  mm) 
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Figure  A-2:  Reynolds  number  vs  Discharge  coefficient  for  valve  3  (dv=14.24  mm) 
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ABSTRACT 

The  performance  of  a  number  of  mechanical  applications  could  be  greatly  improved  by 
the  introduction  of  transducers  that  are  capable  of  exploiting  the  inherent  power  densities 
of  piezoelectric  materials.  The  ability  of  these  solid-state  materials  to  exert  large  forces  at 
high  frequencies  engenders  them  with  specific  power  levels  (mass  normalized)  that  are 
often  several  orders  of  magnitude  greater  than  conventional  transducers,  but  their  utility  is 
offset  by  their  small  achievable  strains.  A  novel  concept  for  a  device  capable  of  improved 
solid-state  transduction.  Micro  Hydraulic  Solid-State  Transducers  (MHSTs),  is  introduced 
and  explored  in  this  thesis.  The  concept  is  comprised  of  two  core  principles:  (1)  utilization 
of  a  hydraulic  system  consisting  of  a  pump,  valves,  and  a  working  fluid  to  rectify  the  high 
frequency  reciprocations  of  a  piezoelectric  drive  element  into  unidirectional  motion,  and 
(2)  performance  enhancement  through  miniaturization.  The  goal  is  a  transducer  possess¬ 
ing  high  power  densities  that  is  useful  in  conventional  applications. 

Feasibility  of  the  MHST  concept  is  evaluated  by  designing,  modeling,  and  simulating  a 
prototype  mechanism.  The  effects  of  miniaturization  on  device  performance  are  investi¬ 
gated  and  an  optimal  scale  is  determined.  Concept  feasibility  is  based  on  predicted  system 
performance,  existing  issues,  and  manufacturing  constraints.  It  is  concluded  that  the  con¬ 
cept  is  feasible  and  warrants  further  development. 
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Chapter  1 

INTRODUCTION 


Electromechanical  transducers  are  those  devices  that  convert  electrical  energy  to  mechani¬ 
cal  energy  (or  electrical  to  mechanical).  Examples  of  such  transducers  include  solenoids, 
microphones,  loudspeakers,  accelerometers,  motors,  and  generators  [Crandall  et  al., 
1982].  Two  important  classes  of  electromechanical  transducers  are  actuators,  mechanisms 
that  convert  electrical  input  energy  into  mechanical  forces  to  perform  work  on  an  interfac¬ 
ing  structure  (or  other  mechanical  load)  to  alter  its  state,  and  power  generators,  mecha¬ 
nisms  that  extract  potential  mechanical  energy  from  an  interfacing  system  and  convert  it 
into  electrical  energy  that  can  be  consumed  or  stored. 

Power  generators  range  greatly  in  size  and  commonly  operate  in  the  1-100  Watt  range  (e.g. 
portable  gasoline  internal  combustion  generators  and  solar  panels)  to  the  MegaWatt  level 
(e.g.  hydroelectric  and  nuclear  power  plants),  but  relatively  recent  advances  in  active 
material  and  micromachining  technologies  have  given  rise  to  a  new  subclass  of  power 
generators,  called  power/energy  harvesters,  that  generate  power  on  the  subWatt  to  Watt 
range.  The  principal  objective  of  power  harvesters  is  to  exploit  environmental  energy 
sources  (natural  and  man-made)  for  applications  such  as  sensor,  communications,  and 
navigations  circuits.  Examples  of  ambient  environmental  energy  sources  include  chemical 
and  thermal  gradients,  sound,  vibration,  mechanical  motion,  wind,  fluid  flow,  solar,  radio 
frequency,  plant  material,  organic  matter,  and  human  movement  [DARPA,  1997]. 
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There  are  a  number  of  ways  to  compare  potential  transducers.  Common  measures  of  actu¬ 
ator  performance  include  bandwidth,  stroke,  and  induced  force  or  stress.  Energy-based 
comparisons  offer  a  convenient  way  to  combine  several  of  these  performance  metrics.  A 
useful  indictor  is  the  actuation  Energy  Density  (J/kg),  or  Specific  Work,  which  is  the  max¬ 
imum  amount  of  work  that  can  be  delivered  to  an  ideal  load,  normalized  by  the  mass  of  the 
actuator  [Bent,  1997].  Energy  density  is  defined  as 


ED  = 


hEf 

P  act 


(U) 


where  is  the  blocked  stress  of  the  actuator,  £y  is  the  free  strain,  and  pact  is  the  actuator 
density.  However,  the  bandwidth,  or  number  of  actuation  cycles  per  second,  of  the  device 
is  ignored  by  this  metric  and  fast  actuators  are  not  favored  over  slow  ones  in  evaluation. 
Since  in  many  applications  it  is  the  rate  of  mechanical  energy  transferal,  which  is  to  say 
the  total  energy  imparted  over  a  given  time  interval,  that  determines  actuator  effectiveness, 
a  more  useful  indicator  is  actuation  Power  Density  (W/kg) 

PD  ~  ED  ■  f  (1.2) 

where/is  the  frequency  of  actuation.  Efficiency,  defined  in  this  work  to  be  the  ratio  of  out¬ 
put  to  input  energy  or  average  power,  is  also  a  powerful  comparison  tool  as  it  indicates  the 
effectiveness  of  the  transduction.  These  performance  metrics,  although  described  here  in 
the  context  of  actuation,  are  equally  applicable  to  power  generators  if  the  direction  of 
energy  transfer  is  taken  to  be  in  the  opposite  sense,  out  of  the  interfacing  system  (see 
Figure  1.4). 


1.1  Motivation 

One  of  the  main  objectives  in  the  design  of  transducers  is  to  increase  the  response  of  the 
device,  which  can  be  achieved  by  increasing  the  rate  at  which  the  device  converts  electri¬ 
cal  energy  into  mechanical,  or  vice-versa  [Nelli  Silva  et  al.,  1997].  Applications  with 
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weight  and  geometry  constraints  further  require  a  minimization  of  the  transducer  mass  and 
size.  Examples  of  such  applications  include  sensing  and  actuation  of  air  and  space  struc¬ 
tures,  transducers  for  autonomous  robotic  systems  as  well  as  remotely  operated  vehicles 
(ROVs),  and  drivers  for  underwater  acoustic  transducers.  In  many  cases  the  effectiveness, 
and  even  feasibility,  of  these  systems  depends  largely  on  the  abilities  of  their  transducers. 

Solid-state,  or  active,  materials  possess  characteristics  that  make  them  well  suited  to 
transducer  applications.  "Piezoceramics  are  perhaps  the  most  widely  used  active  materials 
because  of  their  ease  of  implementation  and  use...  Actuation  and  sensing  is  applied 
through  electrical  signals,  and  their  low  field  linear  behavior  has  aided  in  modeling  for 
transducer  applications"  [Bent,  1997].  Figure  1.1  compares  the  energy,  bandwidth,  and 
maximum  theoretical  power  densities  of  some  common  transducers.  The  corresponding 
data  and  assumptions  are  listed  in  Table  1.1.  It  can  be  seen  that  active  materials  possess 
power  densities  that  are,  in  some  cases,  several  orders  of  magnitude  greater  than  more  cus¬ 
tomary  devices  such  as  electromagnetic  motors.  Specifically,  the  relatively  high  band- 
widths  of  piezoelectrics  give  them  peak  power  densities  on  the  order  of  100  kW/kg,  while 
electromagnetic  transducers  are  limited  to  roughly  10  kW/kg.  Also  noticeable  is  that 
hydraulic  actuators  possess  extremely  high  single  stroke  energy  densities  but  are  typically 
capable  of  only  low  frequency  actuation. 

Although  piezoelectrics  are  capable  of  superior  performance  their  abilities  remain  largely 
unexploited  in  most  engineering  applications.  Since  the  transducer’s  optimal  power  output 
is  the  product  of  its  single  stroke  energy  and  its  bandwidth,  it  necessary  to  operate  the 
device  at  its  maximum  frequency  to  realize  this  power.  Referring  to  Figure  1.1,  the  fre¬ 
quency  range  is  1-100  kHz  for  common  piezoelectric  transducers.  Unfortunately,  most 
applications  require  much  slower  actuation  speeds  and,  as  a  result,  do  not  utilize  the  full 
potential  of  the  material. 

The  recent  development  of  single-crystal  piezoelectric  material  (PZN:PT)  offers  remark¬ 
able  advantages  in  transducer  design.  As  shown  in  Figure  1.1,  PZN:PT  is  capable  of 
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Figure  1.1  Upper  Bound  on  Specific  Work  vs.  Frequency  for  Various  Actuation  Media;  SMA  is 
shape-memory  alloy;  PZN:PT  is  the  new  single-crystal  piezoelectrics;  MSM  is  magnetic  shape 
memory  materials  [Hollerbach  et  al.,  1992;  Huber  et  al.,  1996;  Hagood,  1997]. 

inducing  strains  which  are  ten  times  greater  than  the  best  conventional  (polycrystalline) 
piezoelectrics  with  equal  or  greater  increases  in  power  densities.  They  also  exhibit  low 
hysteresis  which  leads  to  greater  efficiency.  Although  researchers  have  not  yet  demon¬ 
strated  effective  techniques  for  manufacturing  large  single-crystals,  small  crystal  (less  than 
1  cm)  manufacturability  has  been  achieved  and  such  crystals  are  commercially  available1. 
The  result  of  this  development  is  the  existence  of  an  active  material  that  has  superior  per¬ 
formance  characteristics  which  can  have  a  profound  impact  on  actuation  technologies. 


1.  The  single-crystal  piezoelectric  material  TRS-A  is  available  from  TRS  Ceramics,  Inc.,  Suite  J,  2820  East 
College  Avenue,  State  College,  Pennsylvania 
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TABLE  1.1  Estimated  performance  and  characteristics  of  various  actuators3.  The  number  sets 
represent  the  expected  range  of  values. 


Clamped 

stress 

(MPa) 

Free 

strain 

Density 

(kg/m*) 

Bandwidth 

(kHz) 

Stroke 

work 

coefficient 

Cyclic 

power 

coefficient 

Maximum 

power 

limit 

(W/m3) 

Hydraulic 

14 

70 

0.1 

0.5 

2000 

1600 

0.01 

0.05 

1 

1 

0.4 

0.5 

5e8 

5e8 

Pneumatic 

0.18 

0.9 

0.1 

0.5 

250 

180 

0.01 

0.05 

1 

1 

0.4 

0.5 

5e6 

5e6 

Muscle 

0.08 

0.4 

0.14 

0.7 

1100 

1000 

0.02 

0.1 

0.5 

0.7 

0.25 

0.35 

5e5 

5e5 

SMA 

140 

700 

0.014 

0.07 

6600 

6400 

0.002 

0.01 

0.3 

0.6 

0.05 

0.08 

7e5 

7e5 

Electrostricor 

23.4 

117 

2e-4 

0.001 

7800 

7800 

18 

90 

0.5 

0.5 

1 

1 

lelO 

5e9 

Magnetostrictor 

30 

150 

4e-4 

0.002 

9100 

6500 

2 

10 

0.5 

0.5 

1 

1 

le8 

le9 

MSM 

150 

750 

0.002 

0.01 

8130 

8130 

2 

10 

0.5 

0.5 

1 

1 

le8 

le9 

PZN:PT 

60 

300 

3.4e-3 

0.017 

5882 

5882 

20 

100 

0.5 

0.5 

1 

1 

lelO 

5el0 

Electromagnetic 

Range 

0.01 

0.1 

0.02 

0.4 

7600 

3800 

0.02 

50 

0.5 

1 

0.25 

0.5 

le4 

4e4 

Voice  Coil 

0.01 

0.05 

0.02 

0.1 

7600 

7000 

10 

50 

0.5 

1 

0.25 

0.5 

5e5 

2e6 

Solenoid 

0.02 

0.1 

0.08 

0.4 

4400 

3800 

0.02 

0.1 

0.5 

1 

0.25 

0.5 

le4 

4e4 

Piezoelectric 

Range 

1 

157 

4e-5 

0.001 

7800 

7500 

2 

200 

0.5 

0.5 

1 

1 

9e7 

5e8 

PZT-5H  (Soft) 

31.4 

157 

2e-4 

0.001 

7500 

7500 

2 

10 

0.5 

0.5 

1 

1 

9e7 

5e8 

PZT-6B  (Hard) 

4.68 

23.4 

4e-5 

2e-4 

7800 

7500 

20 

100 

0.5 

0.5 

1 

1 

9e7 

5e8 

PVDF 

1 

5 

2e-4 

0.001 

1900 

1750 

15 

75 

0.5 

0.5 

1 

1 

3e8 

3e8 

a.  Hollerbach  et  al.,  1992;  Huber  et  al.,  1996;  Hagood,  1997 


The  current  limitation  of  PZN:PT  crystal  size  is  believed  to  be  temporary  and  is,  as  will  be 
seen,  not  relevant  to  this  thesis. 

"MicroElectroMechanical  Systems  (MEMS)  represents  a  new  multi-disciplinary  technol¬ 
ogy  field  with  enormous  potential  for  new  commercial,  industrial,  medical,  and  defense 
applications.  MEMS  are  fabricated  by  integrated  circuit  processing  methods  and  com¬ 
monly  include  sensors  and  actuators  with  physical  dimensions  of  less  than  1  mm  on  a 
side"  [Polla  et  al.,  1994].  Demonstrated  MEMS  devices  include  a  wide  variety  of  actua¬ 
tors,  sensors,  fluidic  systems,  and  many  others.  The  ability  to  fabricate  microelectrome¬ 
chanical  devices  has  inherent  benefits  which  make  the  technology  extremely  attractive. 
Batch  fabrication  permits  the  simultaneous  manufacture  of  large  numbers  of  mechanisms 
at  low  cost,  and  contributes  functionality  benefits  by  enabling  distributed  sensor  and  actu¬ 
ator  arrays,  redundant  components,  and  complex  system  structures.  The  close  similarities 
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between  integrated  circuit  and  MEMS  fabrication  techniques  enable  the  merger  of  the 
mechanical  and  electrical  components  into  a  fully  integrated  device.  Additionally,  the 
behavior  of  a  micromechanical  transducer  is  sometimes  different  than  its  macro  counter¬ 
part  (e.g.  resonant  frequencies  are  higher)  leading  to  potential  performance  advantages.  As 
a  result  of  these  properties,  (1)  batch  fabrication,  (2)  distributed  sensor/actuator  arrays,  (3) 
component  redundancy,  (4)  electronics  integration,  and  (5)  high  frequency  operation,  it  is 
possible  to  create  an  array  of  micromechanical  transducers  that  is  capable  of  greater 
rates  of  energy  conversion  than  a  single  macro  transducer  of  equal  mass,  leading  to 
higher  power  density. 


1.2  Objectives 

The  major  goal  of  this  work  is  to  assess  the  feasibility  of  a  new  transducer  comprised  of  a 
microhydraulic  pump,  valves,  and  pressure  reservoirs  that  is  capable  of  efficiently  exploit¬ 
ing  the  power  densities  of  active  materials,  specifically,  single-crystal  piezoelectrics.  The 
devices  are  hereafter  referred  to  as  Micro  Hydraulic  Solid-State  Transducers  (MHSTs). 
The  supporting  objectives  are: 

1 .  Development  of  a  prototype  design 

2.  Derivation  of  an  analytical  system  model 

3.  Identification  of  the  key  issues  and  trade-offs  in  the  design  process 

4.  Investigation  of  the  effects  of  scale  on  performance 

5.  Investigation  of  the  effects  of  design  parameter  changes  on  system  perfor¬ 
mance 

1.3  Background 

Active  Materials 

Active  materials  are  materials  that  have  some  property  which  is  controllable  by  the  appli¬ 
cation  of  an  external  excitation.  The  simplest  example  is  metals  which  change  shape  when 
exposed  to  variable  temperature  levels.  Other  examples  of  controllable  properties  are  stiff- 
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Figure  1.2  Piezoelectric  effect 


ness  (shape  memory  alloys  [Beuller  and  Wiley,  1965;  Hurtado  et  al.,  1995])  and  viscosity 
(electrorheological  fluid  [Wang  et  al.,  1994]).  There  are  a  number  of  external  excitations 
which  cause  shape  changes,  but  the  most  important  are  electrical  and  magnetic  excitations. 
For  this  study,  the  interest  is  in  piezoelectric  materials  [Du  Plessis,  1996]. 


Originally  discovered  by  the  Curie's  in  the  1880's,  piezoelectricity  is  the  ability  of  certain 
crystalline  materials  to  develop  an  electrical  charge  proportional  to  an  applied  mechanical 
stress.  The  converse  effect  can  also  be  observed  in  these  materials  where  strain  is  devel¬ 
oped  proportional  to  an  applied  electrical  field  (see  Figure  1.2)  [Jaffe  et  al.,  1971].  Today, 
industrial  piezoelectric  materials  are  lead  based  ceramics  available  with  a  wide  array  of 
properties.  Maximum  actuation  strains  of  conventional  materials  are  on  the  order  of  0.1% 
[Chan  and  Hagood,  1994].  Piezoelectric  materials  have  high  actuation  authority  due  to  the 
high  Young's  modulus.  Another  advantage  of  piezoelectric  ceramics  is  the  high  associated 
bandwidth  which  enables  dynamic  control  applications.  The  biggest  drawbacks  of  these 
materials  are  their  brittleness  and  high  densities.  Piezoelectric  materials  are  the  most  well 
known  active  material  typically  used  for  transducers  as  well  as  in  adaptive  structures  [Du 
Plessis,  1996]. 


Microvalves 

"Microvalves  and  micropumps  are  among  the  most  promising  of  micromachining  devices" 
[Shoji  and  Esashi,  1994].  "The  development  of  miniaturized  fluid  pumping  systems 
started  in  1980  with  the  work  of  Smits  and  Wallmark  at  Stanford  University  with  a  peri- 
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staltic  micropump  using  piezoelectric  bimorphs.  Because  micropumps  can  be  used  for 
many  possible  applications  in  such  diverse  areas  as  medicine,  office  automation,  chemical 
analysis  or  industrial  process  control,  up  to  now  there  have  been  many  efforts  to  improve 
these  devices"  [Zengerle  et  al.,  1992],  The  result  is  the  development  of  a  wide  variety  of 
pump  actuation  principles,  valve  designs,  and  manufacturing  techniques. 

The  design  of  microvalves  has  attracted  much  attention  in  the  field  of  MEMS.  Quoting 
Gravesen  et  ah,  1993: 

Micromachined  valves  have  a  number  of  advantages  over  traditional 
valves.  They  benefit  from  small  size  in  terms  of  response  time,  power  con¬ 
sumption,  small  dead  volume  and  improved  fatigue  properties.  However,  in 
some  applications,  the  small  size  can  turn  out  to  be  an  Achilles  heel,  where 
flow  demands  cannot  be  met.  The  majority  of  micromechanical  valves  have 
been  designed  for  gas  flow  control.  Only  a  limited  number  are  intended  for 
liquid  applications. 

Microvalves,  like  traditional  valves,  can  be  either  passive  or  active.  Passive  valves  require 
no  external  power  and  function  by  utilizing  the  energy  present  in  the  fluid.  Their  behavior 
is  governed  by  their  structural  geometry  and  the  fluid  flow/pressure  characteristics.  The 
use  of  passive  valves  is  beneficial  because  they  are  simple  and  easy  to  micromachine,  and 
they  consume  no  power.  The  primary  disadvantage  of  the  mechanisms  is  that  they  are  typ¬ 
ically  one-way  check  valves  so  that  fluid  can  be  pumped  in  one  direction  only.  Active 
valves  derive  benefits  by  using  external  power,  and  often  employ  the  same  type  of  actuator 
as  the  pump.  Their  advantages  include  bidirectional  fluid  flow,  faster  response  times,  and 
flow  control.  The  design  penalties  are  increased  complexity,  mass,  power  consumption, 
and  additional  circuitry  for  valve  drive  and  control. 

Due  to  the  planar  nature  of  the  fabrication  process,  design  of  micromechan¬ 
ical  valves  is  restricted.  This  constraint,  and  the  matured  process  for  silicon 
diaphragm  fabrication,  has  favored  designs  incorporating  diaphragms  as 
the  moving  elements.  However,  valves  with  cantilevers  as  moving  parts  and 
various  types  with  perforated  diaphragms  have  also  been  constructed.  Very 
small  cantilever  types  can  be  fabricated,  making  them  suitable  for  passive 
check  valves  in  micropumps.  These  valves  are  surrounded  entirely  by  liq¬ 
uid,  which  can  contribute  to  failures  by  clogging  or  sedimentation  of  the 


Background 


29 


narrow  gaps  encountered  in  these  designs.  This  is  normally  overcome  in 
the  [active]  diaphragm  valves,  where  the  diaphragm  separates  the  fluid  side 
from  the  actuation  side...  [Gravesen  et  al.,  1993] 

Due  to  their  diverse  sizes,  functions,  and  operating  conditions,  it  is  difficult  to  compare  the 
performance  of  existing  microvalves.  An  excellent  discussion  of  demonstrated  mecha¬ 
nisms,  passive  and  active,  can  be  found  in  Shoji  and  Esashi,  1994,  as  well  as  detailed 
descriptions  their  functionality.  As  will  be  seen  later  in  this  section,  this  thesis  is  con¬ 
cerned  primarily  with  active  valves,  and  no  further  discussion  of  passive  devices  is  neces¬ 
sary.  Table  1.2  summarizes  the  capabilities  of  some  active  microvalves  in  the  literature.  It 
can  be  inferred  from  the  response  times  that  the  frequencies  of  these  devices  are,  with  the 
exception  of  the  microheater  valve,  roughly  100  Hz  to  1  kHz. 


TABLE  1.2  Performances  of  active  microvalves  in  the  literature  (taken  from  Shoji  and  Esashi,  1994). 


Type 

Actuator 

Size 

Flow  range 

Response  time 

Ref.a 

Bulk  silicon 

(normally 

closed) 

stack  type 
piezoelectric 

10  mm  x  10  mm 
x  10  mm 

40  ml/min 
(N2:0.5  kgf/cm2) 

1  msec 

HI 

Silicone 
rubber  seat 

cantilever  type 
piezoelectric 

24  mm  x  12  mm 
x  5  mm 

9  ml/min 

(H20:0.2  kgf/cm2) 

1  msec 

[2] 

Silicone 
rubber  seat 

shape  memory 
alloy  and  bias 
spring 

3  mm(J) 
x  8  mm 

10  sec 

[3] 

Cantilever 

electrostatic 

3.6  mm  x  3.6  mm 

150  ml/min 
(Air:0.25  kgf/cm2) 

[4] 

Pressure 

balance 

electrostatic 

1  mm  x  1.8  mm 
x  1.4  mm 

160  ml/min 
(Air:  1.34  kgl/cm2) 

[5] 

Microheater 

thermopneumatic 

3  mm  x  3  mm 

60  ml/min 
(N2:0.35  kgf/cm2) 

5  msec 
(calculated) 

[6] 

Active  check 

electromagnetic/ 

electrostatic 

3  mm  x  8  mm 

3  ml/min 

(Air:0.16  kgf/cm2) 

0.4  msec 

[7] 

Diaphragm 

bimetallic 

2.5  mm 

300  ml/min 
(Air:7  kgf/cm2) 

[8] 

a.  [1]  Esashi,  1990;  {2]  Shoji  and  Esashi,  1988;  [3]  Shoji  et  al.,  1988;  [4]  Ohnstein  et  al„  1990;  [5]  Huff  et  al„  1993;  [6]  Zde- 
blick  and  Angell,  1987;  [7]  Bosch  et  a].,  1992;  [8]  Jerman,  1990. 
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MHSTs  require  valves  with  better  performance  than  those  found  in  the  literature. 
Although  it  is  difficult  to  quantify  the  flow  specifications,  except  to  say  that  greater  flow 
will  always  lead  to  better  performance,  it  is  expected  that  the  requirements  in  MHSTs  will 
be  on  the  order  of  100  ml/min.  The  bandwidth  requirement  is  approximately  10-100  kHz 
(for  a  6  mm  valve);  it  will  be  shown  that  the  valve  bandwidth  is  one  of  the  primary  factors 
limiting  system  performance.  In  summary,  some  of  the  current  microvalve  designs  meet 
the  flow  requirements  but  all  fall  short  of  the  needed  bandwidth. 

Micropumps 

Micropump  actuators  may  be  loosely  classified  into  two  categories:  miniaturizable  and 
micromachinable.  Miniaturizable  actuators  are  those  conventional  devices  or  materials 
that  are  typically  employed  in  macro  applications,  but  find  use  in  MEMS  devices  by  exter¬ 
nal  insertion  or  bonding  techniques.  The  use  of  miniaturizable  actuators  in  micropumps  is 
beneficial  because  of  the  increased  freedom  in  materials  and  geometry,  but  severely 
restricts  the  minimum  pump  size  to  that  which  will  permit  mechanical  assembly.  Micro- 
machinable  actuators  are  those  that  are  fabricated  along  with  the  other  pump  structures. 
Their  most  important  benefits  are  the  absence  of  separate  assembly  steps,  thus  permitting 
batch  fabrication,  and  the  potential  for  creating  much  smaller  devices.  Table  1.3  compares 
the  relative  characteristics  of  most  pump  actuators  reported  in  the  literature.  For  a  descrip¬ 
tion  of  the  operational  principles  behind  these  actuators,  the  reader  is  referred  to  Shoji  and 
Esashi,  1994. 

Most  micropumps  hitherto  demonstrated  have  been  designed  for  low-pressure,  low-flow 
applications  such  as  microdosing  of  liquids,  fluid  transport  in  chemical  analysis  systems, 
and  drug  delivery,  and  are  therefore  inadequate  for  use  in  hydraulic  actuation  systems 
where  high  fluidic  power  is  required.  Table  1.4  compares  the  characteristics  of  several 
reported  designs.  In  most  cases  the  pump  mass  was  not  reported  and  it  is  difficult  to  calcu¬ 
late  the  power  density,  but  since  all  of  the  mechanisms  are  essentially  planar  it  is  possible 
to  make  rough  comparisons  by  normalizing  the  power  output  to  the  surface  area.  Using 
this  metric  the  best  design  is  a  high  frequency  piezoelectric  pump  capable  of  2  pW/mm2. 


Background 


31 


TABLE  1.3  Properties  of  miniaturized  conventional  and  micromachinable  actuators  (taken  from  [Shoji 
and  Esashi,  1994]) 


Actuators 

Pressure 

Stroke 

(displacement) 

Response 

time 

Reliability 

MINIATURIZABLE 

Solenoid  plunger 

small 

large 

medium 

good 

Piezoelectric  disc 

small 

medium 

fast 

good  (hysteresis) 

Piezoelectric  stack 

very  large 

very  small 

fast 

good  (hysteresis) 

Pneumatic 

large 

large 

slow 

good 

Shape  memory  alloy 
%  bias  spring 

large 

large 

slow 

poor 

MICROMACHINABLE 

Electrostatic 

small 

very  small 

very  fast 

very  good 

Thermopneumatic 

large 

medium 

medium 

good 

Electromagnetic 

small 

large 

fast 

good 

Bimetallic 

large 

small 

medium 

enough 

The  mechanism  achieves  high  bandwidth  operation  because  it  has  no  mechanical  check 
valves;  instead,  it  incorporates  nozzles,  or  diffusers,  that  "transform  kinetic  energy  (flow 
velocity)  into  potential  energy  (pressure)”  [Olsson  et  al.,  1996].  Such  pumps  have  the 
added  advantage  of  a  highly  simplified  design.  However,  the  lack  of  valves  precludes  a 
zero-power  holding  force,  and  the  nozzle  elements  allow  for  unidirectional  pumping  only 
(although  fluid  can  freely  return  if  an  external  reverse  bias  pressure  is  applied).  Also,  the 
pump  requires  high  Reynolds  number  flow  to  operate,  suggesting  a  lower  limit  on  the 
scale  at  which  it  may  be  fabricated  [Gravesen  et  al.,  1993].  The  remaining  pumps  possess 
significantly  lower  power. 
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TABLE  1.4  Comparisons  of  existing  micropumps  reported  in  the  literature.  N/r  indicates  that  the  data  was 
not  reported  in  the  reference.  Power  represents  the  hydraulic  output  capability  and  is  calculated  based  on 
the  maximum  reported  simultaneous  flow  and  pressure.  Area  denotes  the  footprint  of  the  device. 


Max 

Max 

Power/ 

Pump 

Valve 

Working 

flow 

pres. 

Power 

Area 

area 

type 

type 

fluid 

Freq. 

(jil/min) 

(kPa) 

(uW) 

(mm2) 

(pW/mm2) 

Ref* 

reciprocating 

passive 

water 

3-4  kHz 

2300 

74 

491 

255 

2.0 

[5] 

piezo,  disc 

diffuser 

reciprocating 

active 

water 

1-150  Hz 

1600 

17 

25 

35 

0.7 

[2] 

piezo,  beam 

elastic 

buffer 

reciprocating 

passive 

methanol 

10  kHz 

300 

7 

7 

25 

0.3 

[7] 

piezo,  disc 

diffuser 

reciprocating 

passive 

water 

40  Hz 

100 

10 

9 

784 

0.01 

[6] 

piezo,  disc 

check 

flexural  wave 
piezo,  plate 

valveless 

water 

35  kHz 

n/r 

n/r 

5 

1000 

0.005 

[3] 

reciprocating 

passive 

water 

0.1-1  Hz 

8 

10 

0.3 

2000 

0.0001 

[4} 

piezo,  disc 

check 

reciprocating 

active 

gas 

1-30  Hz 

20 

8 

0.04 

400 

0.0001 

(8) 

piezo,  element 

reciprocating 

reciprocating 

passive 

water 

25  Hz 

70 

3 

n/r 

49 

n/r 

m 

electrostatic 

check 

a.  [t]  Zengerle  et  at..  1992;  (2]  Stehr  et  at..  1996;  [3]  Miyazaki  et  at..  1991;  [4]  van  Lintel  et  al„  1988;  [5]  Olsson  et  al 
1996;  [6]  Bass  et  al.,  1994;  [7]  Gerlach  and  Wurmus,  1995;  [8]  Esashi  et  al.,  1989. 


1.4  Approach 

1.4.1  Displacement  Rectification  Concept 

The  approach  adopted  in  this  work  was  to  develop  advanced  actuators  (and  power  harvest¬ 
ers)  by  using  hydraulics  to  rectify  the  displacements  of  a  piezoelectric  element.  This  recti¬ 
fication  is  accomplished  through  the  use  of  valves  and  a  working  fluid  (most  likely  liquid) 
in  what  constitutes  a  piezoelectric  pump.  The  vibrating  element  enables  electromechanical 
energy  conversion  as  the  fluid  flows  from  one  pressure  potential  to  another.  If  electrical 
power  is  supplied  to  the  system  from  an  external  source  a  pump  is  realized  that  provides 
fluidic  power  (pressure  and  flow)  to  drive  a  hydraulic  actuator.  Conversely,  with  slight 
changes  in  the  mode  of  operation  the  system  functions  as  a  power  harvester  that  extracts 
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energy  from  ambient  pressure  sources  as  fluid,  flowing  in  the  reverse  direction,  travels 
from  a  high  pressure  source  (with  correspondingly  high  potential  energy)  to  a  lower  one. 

The  energy  conversion  rate  of  the  mechanism  depends  on  several  factors,  including  the 
properties  of  the  piezoelectric  material  and  its  frequency  of  operation.  Since  piezoelectric 
properties  are  limited  by  the  current  state  of  materials  technology,  the  strategy  adopted  in 
this  work  was  to  target  frequency.  The  power  output  of  the  element  depends  on  the  appli¬ 
cation  frequency,  but  successful  harnessing  of  the  power  density  capability  of  the  piezo¬ 
electric  derives  from  the  ability  to  operate  it  at  its  maximum  frequency.  Most  structural 
actuation  scenarios,  however,  require  bandwidths  significantly  lower  than  these  frequen¬ 
cies.  Likewise,  few  such  high  frequency  mechanical  phenomena  exist  in  nature  that  can 
act  as  suitable  energy  sources  for  a  power  harvesting  mechanism.  By  rectifying  the  piezo¬ 
electric’s  reciprocations  into  unidirectional  flow,  a  transformer  is  realized  that  reduces  the 
frequency  of  the  active  material  to  a  level  more  suitable  for  application,  thereby  maximiz¬ 
ing  the  system’s  electromechanical  energy  conversion  by  allowing  the  piezoelectric  to 
operate  at  high  frequency.  In  this  way  it  is  posible  to  operate  along  the  maximum  power 
curve  by  trading  frequency  for  stroke  (see  Figure  1.1.) 

1.4.2  Actuator  Concept 

A  generalized  solid-state  hydraulic  actuator  is  shown  in  Figure  1.3.  A  piezoelectric  ele¬ 
ment  and  two  valves  comprise  a  pump  which  drives  fluid  from  a  low  pressure  reservoir  to 
an  actuator  (for  immediate  usage)  or  high  pressure  reservoir  (for  energy  storage).  A  volt¬ 
age  applied  to  the  piezoelectric  induces  strain  in  the  element  resulting  in  a  net  volume 
change  of  the  fluid  chamber.  A  controller  synchronized  with  the  pump  signal  cycles  the 
active  valves  out  of  phase  with  each  other  in  a  specified  duty  cycle,  transforming  the  vol¬ 
ume  oscillations  of  the  chamber  into  a  net  flow  rate.  The  accumulation  of  fluid  in  the  actu¬ 
ator  increases  the  pressure  and  performs  useful  work  on  the  load.  After  the  actuator  travels 
its  full  stroke  the  flow  direction  is  reversed  and  the  actuator  is  evacuated  as  it  returns  to  its 
initial  position,  completing  the  actuation  cycle.  In  this  way  the  high  frequency,  small  dis- 
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Figure  1.3  Generalized  solid-state  hydraulic  actuation  system 

placements  of  the  piezoelectric  are  rectified  into  low  frequency2,  large  stroke  actuation. 
The  extent  to  which  the  power  density  of  the  active  material  is  preserved  in  the  final  actua¬ 
tor  depends  on  the  mass  and  efficiency  of  the  design.  If  the  application  requires  bidirec¬ 
tional  actuation  then  the  pump  is  driven  throughout  the  full  actuation  cycle;  flow  reversal 
is  affected  by  shifting  the  phasing  of  the  valves  with  respect  to  the  drive  signal. 

1.4.3  Power  Harvester  Concept 

Figure  1.4  illustrates  a  generalized  power  harvesting  system  which  is  capable  of  extracting 
the  energy  that  exists  in  any  ambient  static  or  pseudostatic^  pressure  source.  The  controller 
toggles  the  valves,  transforming  the  static  fluid  pressure  into  high  frequency  pulses  on  the 
piezoelectric.  Valve  actuation  at  the  natural  frequency  of  the  system  will  resonate  the  ele¬ 
ment  and  create  a  near  sinusoidal  voltage  signal,  inducing  a  current  in  the  coupled  cir¬ 
cuitry  (not  shown)  and  resulting  in  an  electrical  power  flow  that  may  be  rectified  and 

2.  Because  there  are  typically  many  (-1000)  pump  cycles  per  actuation  cycle,  the  actuator  is  said  to  be  low 
frequency  in  comparison.  It  should  be  noted,  however,  that  the  actuator  frequency  may  in  fact  be  in  the 
kHz  range  or  higher. 

3.  Low  frequency  with  respect  to  the  pump  reciprocations. 
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Figure  1.4  Generalized  solid-state  hydraulic  power  harvesting  system 

stored.  Exciting  the  piezoelectric  at  resonance  will  maximize  the  amplitude  of  the  ele¬ 
ment’s  deflection  and  optimize  the  power  output. 

Although  these  diagrams  illustrate  single  systems  for  simplicity,  they  may  be  comprised  of 
any  combination  of  series  or  parallel  units  to  achieve  different  goals  (see  Figure  1.5).  Cas¬ 
caded  pumps,  for  instance,  will  provide  greater  ultimate  pressure  than  a  single  pump  is 
capable  of.  Similarly,  the  net  flow  rate  of  a  power  harvester  can  be  tailored  by  arranging 
the  appropriate  number  of  pumps  in  parallel.  Force  and  power  requirements  as  well  as 
redundancy  criteria  dictate  the  appropriate  system  configuration. 

Although  actuator  functionality  can  be  achieved  using  passive  check  valves  (e.g.  cantile¬ 
vered)  they  have  limitations.  The  high  bandwidth  requirement  necessitates  valves  that  are 
extremely  stiff,  leading  to  significant  pressure  losses  as  viscous  fluid  is  force  between  the 
valve  disk  and  seat.  Also,  because  passive  valve  systems  are  only  capable  of  unidirectional 
fluid  flow,  auxiliary  fluid  return  lines  are  required  for  multiple  actuation  cycles.  The 
applied  force  present  in  active  valves  solves  these  problems  and  offers  additional  advan- 
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Figure  1.5  Possible  system  configurations 

tages  including  flow  control  and  improved  sealing.  Active  valves  are  required  in  the  power 
harvester  to  transform  the  static  pressure  into  dynamic  forcing. 

1.4.4  Physical  Implementation 

Geometry 

A  prototype  design  that  provides  both  actuator  and  power  harvester  functionality  was  cre¬ 
ated  and  is  shown  in  Figure  1.6.  The  constituent  components  are  a  pump,  two  active 
valves,  a  low  pressure  reservoir  (LPR),  a  high  pressure  reservoir  (HPR)  (or  actuator),  a  gas 
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volume  compensation  chamber,  flow  channels,  a  working  fluid  (liquid),  and  circuitry.  All 
geometric  features  are  essentially  planar  to  facilitate  microfabrication. 


pump  chamber 


high  pressure 

membrane  / —  high  pressure 
chamber 


piezoelectric 

elements 
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active  valves 
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Figure  1.6  Prototype  microsystem  design 


The  mechanism  is  comprised  of  three  piezoelectric  elements,  each  sandwiched  between  a 
fixed  plate  and  a  flat  cylinder.  The  central  piezoelectric  element  is  the  actuator  for  the 
pump,  while  the  flanking  elements  serve  to  actuate  the  valves.  Flexible  diaphragms  extend 
radially  from  the  outer  diameters  of  the  cylinders  to  the  chamber  walls,  encasing  the  ele¬ 
ments  in  sealed  chambers.  The  cylinders  are  significantly  thicker  than  the  diaphragms  in 
order  to  be  rigid;  the  structures,  then,  constitute  effective  pistons  when  charge  is  applied  to 
the  piezoelectric  elements.  For  compactness,  the  structure  consisting  of  the  central  piezo- 
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electric  element  and  piston  will  hereafter  be  referred  to  as  the  drive,  regardless  of  its  role 
in  either  the  actuation  or  power  harvesting  scenarios.  Fluid  travels  between  the  LPR  and 
the  connected  valve  via  a  cylindrical  vertical  channel  located  in  the  center  of  the  mecha¬ 
nism  (not  visible  in  the  cutaway  view),  while  three  other  channels  exist  to  connect  the 
valves,  pump,  and  HPR. 

Two  valves  are  used  in  the  system  to  rectify  the  pump  reciprocations.  A  detailed  discus¬ 
sion  of  the  valve  design  is  presented  in  Chapter  2.  In  addition  to  the  piston  diaphragm,  a 
second  valve  diaphragm  is  situated  above  and  encloses  a  hydraulic  amplification  chamber. 
A  rigid  valve  cap  is  situated  above  this  diaphragm  and  is  the  component  responsible  for 
flow  obstruction. 

Principle  of  Operation 

Actuator 

The  system  functions  as  an  actuator  when  the  valve  drive  signals  are  synchronized  with 
the  input  pump  signal  such  that  each  valve  is  open  when  the  pressure  difference  across  it  is 
positive  (sign  convention  for  the  pressure  difference  is  chosen  to  be  positive  when  the 
upstream  pressure  is  greater  than  the  downstream)  and  flow  is  in  the  direction  shown  in 
Figure  1.3.  A  single  pump  cycle  is  described  below  for  different  times,  t,  during  the  cycle 
period,  T.  The  corresponding  pump  and  valve  drive  signals  are  shown  in  Figure  1 .7.  The 
initial  conditions  for  the  cycle  are:  inlet  valve  closed,  outlet  valve  open,  no  pump  deflec¬ 
tion. 

Actuator  pump  cycle: 


t  =  0 

:  pump  is  extending,  fluid  flowing  out  of  chamber  to  HPR 

t  =  T/4  -  T 

:  outlet  valve  closes 

t  =  T/4 

:  pump  begins  to  retract 

t  =  T/4  +  x 

:  inlet  valve  opens,  fluid  flows  into  chamber  from  LPR 

t  =  3*T/4  - x 

:  inlet  valve  closes 

t  =  3*T/4 

:  pump  begins  to  extend 

t  =  3*T/4  +  x 

:  outlet  valve  opens,  fluid  flows  out  of  chamber  to  HPR 
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Figure  1.7  System  timing.  The  pump  drive  signal  may  be  any  periodic 
function  (sinusoidal  shown  for  simplicity). 

The  parameter  x  denotes  a  time  delay  in  the  valve  actuation,  with  respect  to  the  pump  sig¬ 
nal,  and  is  related  to  the  valve  duty  cycle,  dc,  by 

T  =  r(I-f)  0.3) 

A  duty  cycle  less  than  50%  ensures  that,  for  sufficiently  fast  valve  response  times,  at  least 
one  valve  will  always  be  closed  and  a  pressure  short  from  the  HPR  to  the  LPR  will  not 
occur.  The  valve  phase,  <(),  indicates  the  timing  between  the  valve  signals  and  the  pump; 
the  valves  are  always  180°  out  of  phase  with  each  other. 

Figure  1.8  illustrates  the  valve  cap  in  the  open  and  closed  states.  When  no  electric  field  is 
applied  to  the  valve  actuator  the  cap  is  in  the  rest  (open)  position,  allowing  fluid  to  flow 
between  pump  chamber  and  the  adjoining  reservoir.  Application  of  an  electric  field  paral¬ 
lel  to  the  piezoelectric’s  poling  vector  forces  the  piston  upward,  pressurizing  the  hydraulic 
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Open 


Closed 


chamber  and  forcing  the  cap  up,  where  contact  with  the  valve  seat  blocks  the  flow.  It  is 
also  possible  for  the  valve  to  be  forced  open  by  applying  an  oppositely  polarized  electric 
field,  thereby  pulling  the  valve  cap  downward  and  creating  a  larger  area  for  fluid  flow.  Due 
to  the  capacitive  nature  of  the  piezoelectric  no  power  is  drawn  when  the  valve  is  stationary. 
Energy  is  therefore  only  consumed  during  valve  excursion  when  work  must  be  performed 
to  overcome  the  resistance  of  the  fluid  on  the  cap  face. 

When  the  system  components  are  driven  in  the  manner  described  fluid  is  pumped  from  the 
LPR  to  the  HPR  where  the  hydraulic  energy  is  either  utilized  or  stored.  The  maximum 
pumping  frequency  is  limited  by  the  resonances  of  the  pump  and  valves,  whichever  is 
lower.  It  will  be  demonstrated  that,  for  small  scale  systems,  there  is  significant  dynamic 
coupling  between  the  fluid  and  the  structure,  and  the  nature  of  the  system’s  operation 
depends  on  several  factors  including  the  shape  and  frequency  of  the  drive  signal  and  the 
phasing  of  the  valves. 


The  operation  of  the  actuator  consists  of  two  phases:  extension  and  retraction.  During 
extension,  the  pump  operates  as  described  above  and  fluid  is  pumped  from  the  LPR  to  the 
HPR,  expanding  the  HPR  diaphragm  and  performing  work  on  the  load.  Similarly,  the 


Approach 


41 


retraction  of  the  actuator  in  the  second  phase  occurs  when  the  pump  is  driven  in  the  oppo¬ 
site  direction,  by  changing  the  phase  of  the  valves,  returning  fluid  to  the  LPR  and  recy¬ 
cling  the  actuator.  If  actuation  is  required  in  one  direction  only,  and  the  load  is  primarily 
elastic,  then  the  energy  stored  in  the  load  may  be  partially  recovered  during  the  actuator- 
return  phase  by  operating  the  system  as  a  power  harvester  (described  below),  where  the 
percentage  of  the  expended  energy  that  may  be  recovered  depends  on  the  efficiency  of  the 
mechanism. 


Power  Harvester 

The  system  functions  as  a  power  harvester  when  the  HPR  is  maintained  at  some  elevated 
pressure  (relative  to  the  LPR)  and  the  valves  are  toggled  out  of  phase  with  one  another,  as 
shown  in  Figure  1.7.  Instead  of  a  drive  signal  being  applied  to  the  pump,  a  periodic  volt¬ 
age  across  the  piezoelectric  is  induced  by  the  impinging  pressure  pulses.  A  typical  power 
harvester  cycle  is  described  below: 


Power  harvester  pump  cycle: 


t  =  0 

t  =  T/4  -  x 
t  =  T/4  +  x 


t  =  3*T/4  -  x 
t  =  3*T/4  +  x 


:  fluid  flowing  into  chamber  from  HPR,  compressing  pump 
:  outlet  valve  closes 

:  inlet  valve  opens,  fluid  flows  out  of  chamber  to  LPR, 
pump  expands  under  decreasing  pressure 
:  inlet  valve  closes 

:  outlet  valve  opens,  fluid  flows  into  chamber  from  HPR, 
compressing  pump 


If  the  valves  are  actuated  at  the  resonance  of  the  system  a  roughly  sinusoidal  pump  dis¬ 
placement  will  be  excited. 


The  manner  in  which  the  mechanical  energy  imparted  to  the  piezoelectric  is  extracted 
depends  on  the  harvesting  circuitry  used.  For  example,  simple  shunting  of  the  element 
with  a  resistor  will  dissipate  heat  as  current  oscillates  through  it,  creating  a  mechanical  to 
thermal  conversion.  In  most  applications,  though,  it  is  advantageous  to  store  the  energy  as 
an  electrical  potential  in  a  battery  where  it  can  be  accessed  when  needed.  In  this  case,  the 
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attached  circuitry  typically  consists  of  a  diode  bridge,  or  equivalent,  that  rectifies  the  elec¬ 
trical  power  flow  and  charges  the  battery. 

If  the  high  pressure  source  is  purely  static  (infinite  energy  potential),  then  the  energy 
extraction  process  is  continuous.  But  in  the  more  practical  case  of  a  pseudostatic  pressure 
source  that  oscillates  between  its  high  and  low  values  at  a  frequency  much  smaller  than  the 
power  harvester  pump  frequency,  the  energy  extraction  process  is  divided  into  two  phases: 
harvesting  and  recycling.  Although  the  time  history  of  the  pressure  source  may  be  any 
periodic  function,  in  many  applications  (e.g.  the  heel  strike  harvester)  it  will  toggle 
between  high  and  low  pressure.  For  example,  consider  a  power  harvester  submerged  in  a 
pressurized  medium  that  changes  in  this  way.  In  the  harvesting  phase,  the  pressure  of  the 
medium  is  high  and  compresses  the  HPR  diaphragm,  raising  the  pressure  inside  it.  Since 
Phpr  >  Pipr  ’  flows  from  the  higher  potential  to  the  lower  one  and  the  mechanism 
functions  as  described  above  to  extract  energy.  During  this  phase,  the  volumes  of  the  HPR 
and  LPR  change  accordingly.  The  gas  chamber  allows  the  LPR  diaphragm  to  expand  with 
a  minimal  increase  in  its  internal  pressure.  The  design  of  the  power  harvester  should  be 
such  that  the  time  required  to  evacuate  the  HPR  coincides  with  the  duration  of  the  high 
pressure  state  of  the  medium  (one  half  of  the  period  of  the  medium’s  pressure  cycle).  After 
the  HPR  has  been  evacuated  the  pressure  of  the  medium  toggles  to  its  low  state  and  works 
to  expand  the  HPR  diaphragm,  causing  the  pressure  inside  it  to  fall  below  the  pressure  of 
the  LPR.  Energy  is  now  further  extracted  as  the  fluid  flows  in  the  reverse  direction  from 
the  LPR  (now  the  higher  potential)  to  the  HPR.  The  system  cycle  is  complete  at  the  end  of 
this  phase. 

1.4.5  Miniaturization  Concept 

Motivation 

The  performance  of  the  MHST  is  enhanced  when  the  system  is  miniaturized.  The  scale  on 
which  the  system  is  fabricated  greatly  affects  its  behavior,  and  several  crucial  benefits  are 
realized  when  the  overall  size  is  reduced,  most  importantly,  increased  power  density.  To 
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determine  the  relation  between  power  density  and  system  scale,  we  first  note  in  equations 
(1.1)  and  (1.2)  that  Of,,  and  p  are  intensive  properties,  which  is  to  say  that  they  are  scale 
invariant.  For  the  purpose  of  assessing  the  PD  capability  of  an  actuator,  frequency  may  be 
taken  to  be  the  maximum  bandwidth  of  the  device.  Considering  the  simplified  case  of  a 
single  degree-of-freedom  (DOF)  mechanism,  the  natural  frequency  is  given  by 


f n  = 


2 K 


(1.4) 


where  m  and  k  are  the  mass  and  stiffness,  respectively.  Because  inertia  scales  with  compo¬ 
nent  volume  and  pressure  scales  with  component  area,  the  resonance  is  inversely  propor¬ 
tional  to  scale.  For  instance,  in  the  case  of  a  clamped-free  rod  vibrating  along  its 
longitudinal  axis,  the  mass  and  stiffness  are  given  by 

m  =  ip  Al  k  =  ^  (1.5) 


where  E  is  the  elastic  modulus  of  the  rod  material,  A  is  the  cross-sectional  area  of  the  rod, 
and  l  is  the  length.  Defining  the  scale  factor,  X,  as  the  ratio  of  the  new  scaled  dimensions 
divided  by  the  nominal,  the  dependence  of  the  component’s  mass  and  stiffness  on  its  scale 
is 

m~A.3  k~X  (1-6) 


The  natural  frequency  of  a  mechanical  component  is  then  related  to  its  size  by 


And  the  relation  between  power  density  and  scale  becomes 


P  D  ~  At1 


(1.8) 
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suggesting  that  the  power  density  of  an  electromechanical  transducer  is  increased  when  it 
is  miniaturized.  Although  the  mass  and  stiffness  equations  presented  above  are  for  a  spe¬ 
cific  example,  the  relation  to  X  is  general  [Burgess  et  al„  1997]. 

General  Scaling  Effects 

Structural  mass  and  elasticity,  however,  are  not  the  only  properties  of  the  MHST  that 
change  with  scale.  It  is  therefore  necessary  to  consider  the  general  effects  of  miniaturiza¬ 
tion  on  mechanical  devices.  Table  1.5  shows  the  scaling  laws  for  some  important  aspects 
of  fluid  and  mechanical  behavior.  The  power  of  the  scale  factor,  n,  indicates  the  strength  of 
the  dependence  on  scale;  a  positive  power  means  that  the  quantity  will  be  less  as  the  sys¬ 
tem  scale  is  decreased.  The  ramifications  of  some  these  effects  on  MHST  systems  are 
briefly  discussed  below.  For  a  more  detailed  discussion  of  scaling  effects  on  mechanical 
and  fluid  behavior  the  reader  is  referred  to  [Burgess  et  al.,  1997];  for  the  effects  of  scaling 
on  electromagnetic  actuation,  see  [Trimmer  and  Jebens,  1989]. 

Friction 

The  effects  of  miniaturization  on  friction  forces  is  difficult  to  quantify  because  the  nature 
of  the  force  may  change  through  the  scale  reduction.  For  example,  consider  a  mass  sliding 
along  a  plane  and  experiencing  Coulomb  friction.  The  acceleration  experienced  by  this 
mass  is  independent  of  scale,  suggesting  that  friction  is  effectively  scale-invariant.  How¬ 
ever,  friction  forces  on  the  microscale  are  not  governed  by  the  same  equations  that 
describe  the  macro  phenomenon.  Contacting  surface  area,  which  makes  no  contribution  to 
macro  friction  forces,  has  been  found  to  greatly  affect  MEMS  mechanisms  [Tai  and 
Muller,  1989],  For  this  reason,  micromachines  with  rigid  body  motions  must,  is  most 
cases,  have  little  or  no  sliding  contact  to  be  efficient.  The  scientific  nature  of  these  surface 
forces  is  largely  unknown  and  no  analytical  expression  for  them  exists  [Ho  and  Tai,  1996], 

Additional  friction  effects  must  also  be  considered,  such  as  atomic  friction:  the  contact 
forces  caused  by  the  surface  adhesive  force  of  liquids.  For  example,  the  condensation  of 
water  molecules  on  micromachined  surfaces  gives  rise  to  capillary  effects.  These  atomic 
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TABLE  1.5  Effect  of  scale  on  mechanical  behavior3  (taken  partially  from  [Burgess  et  al.,  1997]  and 
[Trimmer  and  Jebens,  1989]). 
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a . A-  area;  B  =  magnetic  field;  c  -  speed  of  light;  C  =  constant;  Cj  =  drag  coefficient;  d  -  diameter;  D  =  drag;  E  =  electric  field;/ 
=  frequency;  F  =  force;  g  -  gravitational  acceleration;  i  -  current;  l-  mass  moment  of  inertia;  J  -  currrent  density;  k  =  stiffness; 
/  =  length;  m  =  mass;  p  =  pressure;  q  -  charge;  r  =  radius;  t  ~  time;  T  =  torque;  u  -  flow  velocity;  v  =  velocity;  Ve  =  electrical 
potential;  x  =  distance  between  electrodes;  =  dielectric  constant;  X  =  scale  factor;  p  =  viscosity;  p^=  friction  coefficient;  p0  = 
permittivity  of  free  space;  p  =  density 

b.  Constant  flow  velocity  throughout  scaling 


c.  Indicates  the  dependence  of  the  quantities  on  scale  for  a  reciprocating  pump  where  the  pumping  frequency  scales  according  to 
the  relation  in  the  first  row 
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forces  remain  constant  at  10'8-10'7  N,  meaning  that,  on  some  scales,  they  may  dominate 
other  forces.  As  a  result,  the  lubrication  of  sliding  parts  in  micromechanisms  may,  in  fact, 
increase  frictional  forces  rather  than  reduce  them  [Burgess  et  al.,  1997]. 

For  these  reasons,  (1)  contact  area  dependency  and  (2)  atomic  forces,  the  MHST  design 
has  no  sliding  surfaces.  Rather,  elastic  deformation  has  been  used  to  effect  mechanical 
motion  within  the  mechanism. 

Actuation 

The  MHST  uses  pistons  to  force  fluid  flow.  The  pressures  that  are  generated  by  these  com¬ 
ponents  are  scale  invariant,  such  that  a  micropump  is  capable  of  generating  the  same  pres¬ 
sures  as  a  macropump.  Since  the  areas  on  which  the  pressures  act  scale  with  A.2,  so  do  the 
resulting  forces.  If  the  focus  of  the  consideration,  however,  is  on  how  well  the  force  is  able 
to  move  a  mass  some  given  distance,  which  is  to  say  the  achievable  acceleration,  then  the 
quantity  scales  with  A.'1.  The  conclusion  is  that  smaller  pistons  are  capable  of  moving  pro¬ 
portional  loads  at  faster  speeds. 

Fluid  Mechanics 

Fluid  behavior  depends  strongly  on  system  scale.  Because  MEMS  structures  have  very 
small  dimensions,  the  Reynolds  numbers  for  microflows  are  normally  very  low.  For  exam¬ 
ple,  water  flowing  through  a  1  mm  diameter  channel  at  1  mm/s  has  a  Reynolds  number  of 
approximately  1.  At  this  level,  the  flow  is  laminar  and  is  governed  by  the  Hagen-Poiseuille 
law,  and  Stokes’  law  is  applicable  for  calculating  the  drag  force  on  objects  in  the  flow 
stream  (Table  1 .5).  Scale  reduction  leads  to  an  increase  in  the  viscous  friction  forces  act¬ 
ing  on  the  fluid,  resulting  in  higher  pressure  drops  across  flow  channels.  For  this  reason, 
pumping  in  micropipes  is  often  very  difficult  [Burgess  et  al.,  1997]. 

MHST  systems,  however,  are  designed  to  operate  at  very  high  frequencies  (with  corre¬ 
spondingly  high  flow  velocities)  and  may  not  conform  to  these  generalizations.  Certain 
designs  could  have  Reynolds  numbers  high  enough  that  inertial  effects  dominate.  Simi- 
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larly,  high  frequency  flow  transients  can  lead  to  pressure  differences  across  flow  channels 
that  are  dominated  by  the  inertia  of  the  fluid  slug  rather  than  its  viscosity. 

Implications  on  Design 

The  effects  of  miniaturization  suggest  several  things  about  MHST  design  and  behavior. 
First,  the  nature  of  friction  in  micromechanisms  precludes  the  use  of  sliding  parts.  Second, 
the  maximum  pump  pressure  is  a  property  of  the  design  and  not  its  scale.  Finally,  the 
effects  of  scale  reduction  on  fluid  behavior  suggest  the  existence  of  an  optimal  system 
scale  for  the  mechanism.  As  will  be  shown  in  subsequent  sections,  the  increased  viscous 
effects  encountered  when  the  MHST  is  miniaturized  past  this  size  offset  the  power  density 
increase,  and  overall  performance  becomes  scale  invariant.  Consideration  of  the  increased 
difficulties  of  fabrication  at  increasingly  smaller  scales  suggests  that  the  optimal  scale  is 
that  at  which  the  performance  enhancement  resulting  from  miniaturization  begins  to  roll 
off. 
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Chapter  2 


CONCEPTUAL  DESIGN  AND 
MANUFACTURING  ISSUES 

2.1  Introduction 

The  goal  of  the  design  process  was  to  create  a  single  transducer  that  could  function  as 
either  an  actuator  or  a  power  harvester,  depending  on  the  manner  in  which  it  was  operated. 
Although  the  nature  of  the  problem  permits  this  without  difficulty,  the  retainment  of  dual 
functionality  in  the  discussion  is  somewhat  clumsy  (e.g.  a  reference  to  the  inlet  valve  is 
unclear  due  to  ambiguity  in  the  flow  direction).  Therefore,  this  thesis  describes  the  design 
of  a  MHST  in  the  context  of  a  structural  actuator,  with  the  exception  of  the  circuitry  dis¬ 
cussions. 

This  chapter  deals  with  the  geometry  and  materials  selection  for  the  prototype  actuator, 
and  the  rationale  behind  it.  A  discussion  of  design  optimization  is  deferred  until  compo¬ 
nent  models  and  parameters  have  been  presented  (Chapter  3).  The  objectives  of  this  chap¬ 
ter  are: 

•  Presentation  of  the  strategy  used  in  the  design  process 

•  Statement  of  the  goals  and  constraints  as  design  drivers 

•  Introduction  of  the  system  components  and  explanation  of  their  function  and 
geometries 

•  Discussion  of  materials  selection 

•  Discussion  of  system  electronics 
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•  Discussion  of  manufacturability  based  on  experience  gained  from  fabrica¬ 
tion  of  prototype  drive  element 

The  MHST  design  was  created  for  the  purposes  of  testing  and  model  correlation  as  well  as 
eventual  implementation.  Although  the  optimal  size  for  the  system  was  unknown  when 
design  work  began,  intuition  and  behavior  estimates  suggested  dimensions  on  the  order  of 
microns.  However,  a  necessary  first  step  toward  implementation  on  this  scale  is  the  fabri¬ 
cation  of  a  larger,  mesoscale,  prototype  with  the  following  objectives: 

1.  Demonstration  of  the  use  of  micromachining  techniques  to  fabricate  a 
MHST  system 

2.  Validation  of  the  analytical  model 

3.  Investigation  of  microfabrication  issues  such  as  insertion  of  the  piezoelectric 
element,  fluid  encapsulation,  and  multilayer  bonding 

4.  Demonstration  of  concept  feasibility  through  integrated  system  operation 
and  testing 

Requirements  (1)  and  (2)  suggest  the  size  of  the  prototype  system.  Since  conventional 
micromachining  techniques  were  to  be  used  an  upper  bound  was  set  on  the  scale  because 
the  total  system  diameter  must  be  less  than  the  diameter  of  a  standard  Si  wafer  (4  in).  Sim¬ 
ilarly,  to  obtain  the  experimental  data  necessary  for  model  correlation  the  prototype  must 
be  large  enough  to  permit  instrumentation  using  conventional  macro  sensors,  leading  to  a 
corresponding  lower  bound  on  system  size.  It  was  determined  that  a  system  approximately 
1  cm  in  diameter  would  meet  these  requirements.  To  use  micromachining  techniques  the 
geometry  of  the  prototype  was  made  essentially  planar  and  as  simple  as  possible.  The  use 
of  wafers  with  "standard"  (-500  pm)  thicknesses  for  most  layers  of  the  prototype  reduced 
the  cost  and  time  of  fabrication  (such  wafers  are  commonly  kept  in  stock  by  vendors)  and 
simplified  the  design.  Although  a  mesoscale  device  is  described,  the  above  constraints  per¬ 
mit  the  translation  to  the  microscale  with  few  design  changes. 
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2.2  Procedure 

2.2.1  Strategy 

The  design  strategy  adopted  in  this  work  consisted  of  six  tasks: 

1.  Definition  of  performance  metrics,  system  level  requirements,  and  design 
drivers  (Chapter  2) 

2.  Concept  generation  and  selection  (Chapter  2) 

3.  Derivation  of  a  canonical  analytical  model  (Chapter  3) 

4.  Development  of  a  prototype  design  (Chapters  2  and  4) 

5.  Parameter  studies  (Chapter  5) 

6.  Final  design  identification  (Chapter  5) 

The  definition  of  suitable  performance  metrics,  both  for  the  integrated  system  and  for  each 
of  its  constituent  components,  suggested  device  concepts  and  provided  the  framework  for 
physical  implementation.  Most  metrics  were  based  on  energy  and  efficiency  principles, 
enabling  their  application  to  different  MHST  designs.  In  the  concept  generation  and  selec¬ 
tion  phase,  various  ideas  were  considered  that  met  the  criteria  previously  outlined.  Evalua¬ 
tions  of  these  concepts  was  based  on  manufacturability  (with  particular  attention  to 
microfabrication)  and  overall  versatility  (e.g.  passive  valve  pumps  are  inherently  simpler 
than  active  valve  mechanisms,  but  have  limited  functionality).  Subsequent  to  concept 
selection,  work  began  on  the  identification  of  the  generalized  fluidic  elements  required  to 
realize  the  full  system,  the  nature  of  their  governing  equations,  and  the  significant  design 
variables.  These  canonical  components,  although  simple,  captured  all  aspects  of  mechani¬ 
cal  behavior  believed  to  impact  MHST  performance  (based  on  information  found  in  the 
relevant  literature)  and  were  adaptable  to  various  designs.  Using  the  knowledge  gained 
from  the  canonical  components,  prototype  designs  were  created.  These  were  developed  by 
first  applying  the  general  model  to  the  subject  design,  then  numerically  simulating  the  sys¬ 
tem’s  behavior.  Following  convergence  of  the  designs  on  definite  trends,  a  baseline  design 
was  established  that  demonstrated  the  potential  for  good  performance.  Parameter  studies 
were  then  performed  as  perturbations  of  these  designs,  and  data  was  collected  that 
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reflected  the  impact  of  these  variations  on  system  performance.  The  results  of  the  study 
led  to  a  final  design  which  may  be  said  to  represent,  to  some  degree,  the  actuator  perfor¬ 
mance  levels  attainable  with  this  concept.  Figure  2.1  summarizes  the  design  procedure. 

2.2.2  Design  Drivers 

The  components  of  the  system  were  designed  to  maximize  deliverable  power  density  and 
efficiency,  subject  to  the  material  and  geometric  constraints  of  microfabrication  technol¬ 
ogy.  To  facilitate  the  investigation  of  system  behavior,  the  extent  to  which  the  components 
could  be  analytically  modeled  and  characterized  was  an  additional  consideration.  Further¬ 
more,  a  core  design  was  sought  that  could  provide  both  actuator  and  power  harvester  func¬ 
tionality.  An  explicit  list  of  the  design  drivers  appears  below: 

Deliverable  power  density 

•  maximum  component  bandwidths 

•  maximum  pressure 

•  minimal  chamber  compliance 

•  minimal  fluid  compressibility 

•  minimal  system  mass 

Energy  loss 

•  no  sliding  seals 

•  low  fluid  viscosity 

•  low  flow  resistances 

•  minimal  backflow 

•  minimal  valve  leakage 

•  energy  recovering  drive  circuitry 

Microfabrication 

•  planar  geometry  constraints 

•  materials  constraints 
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Figure  2.1  MHST  design  process 
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Prototype  Issues 

•  common  geometries  among  components  where  feasible 

•  size  small  enough  to  use  micromachining  methods 

•  size  large  enough  to  permit  conventional  instrumentation 

The  design  chosen  consists  of  a  drive  mechanism  and  chamber,  two  active  valves,  a  low 
pressure  reservoir  (LPR),  gas  chamber,  and  elastic  actuator.  The  valves  and  drive  share  a 
common  axisymmetric  geometry  The  area  of  the  drive  piston  is  larger  than  that  of  the 
piezoelectric  element’s  cross-section  and,  when  strain  is  induced  in  the  element,  amplifies 
its  volume  displacement. 

2.3  Components 

2.3.1  Displacement  Amplifier 
Function 

The  purpose  of  the  displacement  amplifier  is  to  facilitate  an  impedance  match  between  the 
piezoelectric  element  and  the  load  (HPR).  The  output  power  of  the  actuator  is  a  product  of 
the  fluid  flow  rate  into  the  HPR  and  the  HPR  pressure.  The  pressures  seen  by  the  HPR 
range  from  zero  to  the  blocked  pressure  of  the  piezoelectric.  Operation  of  the  actuator  with 
the  HPR  at  either  extremum  pressure  results  in  zero  power  output.  For  example,  if  the 
HPR  pressure  is  zero,  then  the  product  of  pressure  and  flow  will  be  zero.  Likewise,  if  the 
HPR  pressure  is  equal  to  the  blocked  (maximum)  pressure  of  the  pump,  then  there  will  be 
no  flow  and  the  product  is  again  zero.  In  most  cases,  the  piezoelectric  will  be  far  stiffer 
than  the  load,  and  would,  if  no  piston  were  present,  be  capable  of  high  hydrostatic  pres¬ 
sures  but  small  fluid  flow.  The  function  of  the  piston  is  to  make  the  actuator  more  compli¬ 
ant  (as  seen  by  the  HPR)  and  improve  the  energy  transfer  rate.  In  the  power  harvester,  the 
piston  acts  to  amplify  the  stress  levels  in  the  piezoelectric  thereby  increasing  the  charge 
and  hence  the  electrical  power  generated.  In  a  similar  manner,  the  purpose  of  the  valve  pis- 
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ton  is  to  facilitate  an  impedance  match  between  the  valve  actuator  and  the  valve  structure 
(further  discussed  in  Chapter  4). 

Geometry 

The  valves  and  the  drive  both  utilize  a  displacement  amplifying  piston  and  share  a  com¬ 
mon  axisymmetric  geometry,  shown  in  Figure  2.2,  wherein  a  cylindrical  piezoelectric  ele¬ 
ment  is  situated  between  a  fixed  base  plate  and  a  flat,  relatively  rigid  cylinder.  A  flexible 
diaphragm  extends  radially  from  the  outer  diameter  of  the  cylinder  to  the  chamber  wall, 
encasing  the  element  in  a  sealed  chamber.  The  cylinder  is  rigid  compared  to  the  diaphragm 
and,  when  strain  is  induced  in  the  piezoelectric,  constitutes  an  effective  reciprocating  pis¬ 
ton. 


Direction  of 
motion 


Piston  (Si) 


Pump 

diaphragm  (Si) 


Spacer 

(Pyrex) 

Bottom  plate 
(Si) 


Piezoelectric 

Figure  2.2  Displacement  amplifier  (prototype  materials;  axisymmetric) 


Ideally,  the  piston  cylinder  would  be  perfectly  rigid,  thin  (to  reduce  mass  and  increase  nat¬ 
ural  frequency),  and  the  diameter  would  be  large  enough  that  a  perfect  impedance  match 
between  the  piezoelectric  and  the  load  could  be  obtained.  In  practice,  however,  the  geome¬ 
try  is  constrained.  A  thin  flexible  piston  would  contribute  to  the  chamber  elasticity  and 
reduce  the  performance  of  the  system  by  limiting  the  maximum  pump  pressures.  Like¬ 
wise,  if  the  ratio  of  diameter  to  thickness  was  too  large,  the  piston  would  no  longer  operate 
as  a  rigid  body  because  the  first  radial  vibration  mode  of  the  cylinder  would  be  excited  and 
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the  pump  diaphragm,  which  is  tethered  at  the  maximum  deflection  point  of  the  piston, 
could  fracture. 

Electrical  contact  between  the  piezoelectric  and  the  external  power  source  (or  sink,  in  the 
power  harvester  case)  is  established  either  through  electrodes  mounted  to  the  interior  sur¬ 
faces  of  the  base  plate  and  cylinder,  or  by  these  components  themselves  if  they  are  con¬ 
ductive.  In  either  case,  the  spacer  must  be  an  insulator. 

If  separate  electrodes  are  used,  the  diaphragm  is  joined  to  the  piston  at  the  cylinder’s  lower 
surface,  as  shown  in  Figure  2.2,  to  provide  a  flat  pathway  for  the  upper  electrode. 
Although  this  creates  an  annular  space  above  the  diaphragm  which  traps  fluid,  thereby 
increasing  chamber  compliance,  inversion  of  the  piston,  such  that  the  diaphragm  is  teth¬ 
ered  at  the  top  surface,  would  force  the  electrode  to  travel  into  and  across  the  annular  ring, 
making  it  susceptible  to  cracking  at  the  comers  during  actuation.  If  no  separate  electrodes 
are  used,  the  geometry  may  be  inverted. 

The  cavity  containing  the  piezoelectric  serves  no  useful  function  but  must  be  carefully 
analyzed  in  the  design.  To  prevent  the  accumulation  of  pressure  in  the  cavity  as  the  piston 
moves  it  is  filled  with  a  compressible  gas.  Actuation  of  the  element  requires  the  applica¬ 
tion  of  a  high  electric  field  across  it  (approximately  1  kV/mm)  and,  in  cases  where  the 
electrodes  are  exposed  in  the  cavity,  introduces  the  risk  of  dielectric  breakdown  of  the 
enclosed  medium.  To  prevent  this,  an  inert  gas  such  as  argon  can  be  chosen  to  withstand 
the  expected  electric  fields.  Manufacturing  issues  must  also  be  considered.  For  instance, 
the  elevated  temperatures  required  for  the  anodic  bonds  will  expand  the  gas  in  the  cavity, 
leading  to  pressures  that  could  force  the  wafers  apart  and  compromise  the  bond. 

2.3.2  Drive  Mechanism 

Function 

The  drive  mechanism  is  the  primary  transduction  mechanism  in  MHST  systems.  In  the 
actuator,  the  drive  converts  the  electrical  energy  supplied  to  the  piezoelectric  into  mechan- 
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ical  (hydraulic)  energy  by  moving  fluid  from  a  low  to  a  high  pressure  potential.  In  the 
power  harvester,  the  opposite  result  is  achieved  as  mechanical  energy  is  converted  to  elec¬ 
trical. 

Geometry 

The  drive  consists  of  a  piezoelectric  drive  piston  assembly  adjoining  a  fluid  chamber.  Inlet 
and  outlet  ports  permit  flow  into  and  out  of  the  chamber  when  the  drive  is  actuated.  The 
solid  structure  extending  downward  from  the  ceiling  of  the  chamber  exists  to  reduce  the 
volume  of  fluid  in  the  chamber,  increasing  the  stiffness  of  the  system.  The  walls  of  the 
chamber  are  relatively  thick  to  reduce  the  compliance  of  the  chamber  structure.  The  total 
compliance  of  the  chamber  is  a  function  of  the  chamber  structure  and  the  fluid  inside  it. 


Inlet  port  Ceiling  (Si)  Outlet  port 


Figure  2.3  Pump  diagram  (prototype  materials) 


2.3.3  Valves 

Function 

In  the  actuator,  the  purpose  of  the  valves  is  to  rectify  the  reciprocations  of  the  drive  into 
unidirectional  fluid  flow.  In  the  power  harvester,  the  valves  exist  to  transform  a  static  pres- 
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sure  source  into  high  frequency  pressure  pulses  on  the  drive.  The  design  of  the  valve  for 
both  applications  is  identical. 

Geometry 

The  active  valve  design  is  shown  in  Figure  2.4.  In  addition  to  the  drive  piston,  a  second 
diaphragm  is  situated  above  and  encloses  a  hydraulic  amplification  chamber  containing  an 
incompressible  fluid.  The  valve  cap  and  diaphragm  are  located  away  from  the  axis  of  sym¬ 
metry  of  the  hydraulic  amplifier  at  a  point  where  the  valve  diaphragm  is  tangential  to  the 
hydraulic  chamber.  This  is  done  to  minimize  the  length  of  the  flow  channel  connecting  the 
valve  to  the  drive  so  as  to  reduce  inertial  and  viscous  pressure  drops.  A  rigid  valve  cap 
exists  on  top  of  the  valve  membrane  and  contacts  the  valve  seat  during  actuation,  thereby 
sealing  the  fluid  pathway.  The  diameter  of  the  valve  diaphragm  is  significantly  smaller 
than  the  piston  diameter  so  that  the  vertical  strain  of  the  piezoelectric  element  is  amplified 
and  the  valve  has  a  longer  stroke. 


Liquid  filled 

hvdraulic  amdifier  CaP  (Si)  Valve  diaphragm  (Si) 


Figure  2.4  Valve  diagram  (prototype  materials) 


Actuation  of  the  element  forces  the  piston  upwards,  pressurizing  the  fluid  in  the  hydraulic 
chamber  and  deforming  the  valve  diaphragm  outward.  The  clamped  boundary  conditions 
of  the  valve  diaphragm  enforces  a  cubic  deflection  which  displaces  less  volume  than  a 
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rigid  piston,  leading  to  a  displacement  amplification  that  is  greater  than  the  ratio  of  the 
valve  to  piston  diaphragm  areas.  The  fluid  encapsulated  within  the  chamber  exists  solely 
to  transmit  pressure  from  the  piston  to  the  valve  diaphragm;  no  flow  across  chamber 
boundaries  occurs  during  operation. 

The  fundamental  challenge  faced  in  the  design  of  the  valve  is  the  need  to  make  a  structure 
that  is  extremely  stiff  yet  flexible  enough  to  allow  large  deflections.  A  stiff  structure  is 
needed  to  prevent  energy  losses  in  the  chamber  compliance  and  to  provide  the  required 
bandwidth.  The  key  to  effective  system  performance,  however, -lies  in  the  ability  to  design 
a  valve  with  a  large  stroke,  which  requires  a  very  compliant  diaphragm.  A  successful 
design  balances  these  factors. 

Preliminary  valve  designs  incorporated  a  simple,  flat  valve  cap  located  on  the  upper  sur¬ 
face  of  the  valve  diaphragm,  shown  in  Figure  2.5(a).  Although  this  feature  adds  manufac¬ 
turing  steps  to  the  implementation  of  the  design,  inclusion  of  the  geometry  is  necessary  to 
ensure  that  a  flat  sealing  surface  is  brought  into  contact  with  the  valve  seat  during  actua¬ 
tion. 

Initial  computer  simulations  of  the  system  indicated  that  the  valve  performance  was  sensi¬ 
tive  to  the  design  of  the  cap  structure.  During  quasistatic  operation  of  the  pump  using  the 
design  shown  in  Figure  2.5(a),  the  high  chamber  pressures  generated  during  the  pump 
mode  (ref.  Figure  1.7)  acted  on  the  inlet  valve  diaphragm  and  forced  it  open.  Since  the 
drive  and  valve  share  a  common  design,  they  are  capable  of  similar  pressures,  and  a  situa¬ 
tion  arises  where  the  valve  authority  is  never  enough  to  overpower  the  drive  pressures.  To 
overcome  this  problem  a  pressure  assisted  design,  shown  in  Figure  2.5(b),  was  introduced 
to  the  inlet  valve  (the  outlet  valve  remained  unchanged)  wherein  a  disc  was  added  on  top 
of  the  cap.  The  lower  surface  of  the  disc  provides  an  additional  surface  on  which  the 
chamber  pressure  can  act  when  the  valve  is  closed.  The  pressure  acting  on  the  diaphragm 
creates  a  force  that  is  partially  transmitted  to  the  valve  cap,  and  partially  to  the  remaining 
valve  structure  at  the  tether  points  of  the  diaphragm.  The  lower  surface  area  of  the  disc  is 
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(a)  simple  (b)  pressure  (c)  pressure 

assisted  balanced 

Figure  2.5  Valve  cap  designs 


equal  to  that  of  the  exposed  diaphragm,  yet  all  of  the  force  on  it  is  transmitted  to  the  cap. 
The  result  is  that  when  the  chamber  pressure  is  high,  the  inlet  valve  is  forced  closed.  Like¬ 
wise,  the  low  pressures  generated  during  the  supply  mode  pull  the  valve  open.  The 
absence  of  the  disc  on  the  outlet  valve  causes  the  opposite  to  happen  -  valve  closure  during 
the  supply  mode,  valve  opening  during  the  pump  mode.  In  this  manner  a  system  can  be 
created  that  guarantees  proper  valve  functioning  during  quasistatic  operation. 

Simulations  of  the  pressure  assisted  design  showed,  however,  that  problems  were  caused 
by  the  interaction  of  the  fluid  with  the  cap  when  the  system  was  operated  at  resonance  and 
the  valve  reaction  time  was  fast  compared  to  the  system  dynamics.  When  the  valves  were 
forced  shut,  fluid  flow  through  the  valve  was  abruptly  stopped.  Although  the  volume  of 
fluid  contained  within  the  flow  channel  at  this  time  was  small,  the  slug  was  moving  with  a 
high  velocity  and  possessed  much  kinetic  energy.  The  sudden  velocity  change  converted 
the  fluid  inertia  into  a  high  pressure  at  the  valve  site  which  acted  to  open  the  valve.  For 
example,  at  the  completion  of  the  pump  mode,  the  outlet  valve,  which  was  open  during  the 
mode,  was  actuated  and  forced  closed.  The  fast  moving  fluid  then  impinged  against  the 
valve  cap,  causing  a  high  pressure  spike.  Since  the  outlet  valve  was  designed  to  open  dur¬ 
ing  high  pressure,  the  spike  popped  the  valve  open,  allowing  backflow.  A  similar  effect 
was  observed  on  the  inlet  valve,  where  closure  caused  a  low  pressure  spike  that  acted  to 
pop  the  valve  open.  Although  the  pressure  spikes  caused  the  valves  to  open  for  only  a  brief 
moment,  the  deterioration  in  system  performance  was  large  enough  to  warrant  a  new 
design. 

The  solution  reached  was  a  pressure  balanced  valve  design,  conceptually  similar  to  that 
used  by  Huff  et  al.,  1993,  wherein  a  disc  was  also  added  to  the  outlet  valve.  The  size  of  the 
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discs,  however,  was  different  from  that  used  in  the  pressure  assisted  method.  Recognizing 
that  a  structure  that  biased  the  valve  to  the  proper  state  in  both  quasistatic  and  dynamic 
operation  was  not  feasible,  a  design  was  sought  that  would  completely  eliminate  both 
effects.  Figure  2.5(c)  shows  the  pressure  balanced  design  that  was  chosen  for  the  proto¬ 
type  design.  A  detail  of  the  geometry  appears  in  Figure  2.6.  Here  Apb  is  the  additional  sur¬ 
face  area  created  by  the  inclusion  of  the  valve  disc,  and  Ae^  is  the  effective  area  of  the 
valve  diaphragm  that  relates  the  ambient  pressure,  p,  to  the  force  seen  by  the  valve  cap. 
The  condition  for  pressure  balancing  of  the  valve  can  be  expressed  by 

Apb  =  Aeff 

where  Aeg  may  be  determine  through  finite  element  analysis  of  the  valve  structure.  When 
this  condition  is  met,  the  forces  generated  by  the  ambient  pressure  acting  on  either  surface 
are  balanced  and  the  valve  dynamics  become  decoupled  from  the  drive  and  inertial  pres¬ 
sures  when  the  valve  is  closed.  Pressure  balancing  also  simplifies  the  analysis  and  design 
of  the  remaining  valve  structure  since,  in  many  cases,  only  the  upstream  (in  the  case  of  the 
inlet  valve)  or  the  downstream  (in  the  case  of  the  outlet  valve)  pressures  must  be  consid¬ 
ered  when  computing  the  valve  authority  required  to  hold  the  valve  closed. 


’ pb 


Figure  2.6  Pressure  balanced  valve  design 


2.3.4  Reservoirs  and  Gas  Chamber 

The  purpose  of  the  LPR  and  gas  chamber  is  to  house  the  working  fluid  for  the  system 
while  maintaining  the  reservoir  at  a  low  pressure  during  fluid  transfer  either  into  or  out  of 
the  chamber.  The  LPR  is  located  beneath  the  pump  and  is  comprised  of  a  cylindrical 
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chamber  with  a  rigid  wall  and  ceiling.  The  floor  of  the  chamber  is  a  thin  flexible  dia¬ 
phragm  adjoining  a  chamber  containing  a  compressible  gas  which  exists  to  compensate 
for  volume  changes.  When  the  fluid  is  pumped  out  of  the  LPR  the  volume  of  the  reservoir 
is  decreased,  causing  the  membrane  to  flex  upwards,  thereby  avoiding  the  accumulation  of 
significant  back  pressures.  Because  the  volume  of  gas  is  relatively  large  compared  to  the 
expected  LPR  volume  change,  the  developed  back  pressures  are  negligible. 

The  function  of  the  HPR  depends  on  the  application  of  the  device.  In  some  cases  the  HPR 
diaphragm  is  the  actuation  mechanism,  performing  useful  work  on  a  load  as  it  expands 
outward.  In  other  cases,  the  HPR  acts  to  accumulate  energy  by  storing  the  fluidic  power 
generated  by  the  pump  as  elastic  strain  energy  in  the  diaphragm,  until  the  energy  is 
required  by  an  external  actuator  (e.g.  a  hydraulic  piston).  In  the  power  harvester  applica¬ 
tion,  the  external  pressure  source  acts  on  the  diaphragm  and  increases  the  internal  pres¬ 
sure.  The  HPR  is  located  above  the  drive  and  valve  structures  and  is  comprised  of  a 
cylindrical  chamber  with  a  rigid  wall  and  floor,  and  a  flexible  diaphragm  ceiling. 

2.3.5  Flow  Channels 

The  purpose  of  the  flow  channels  is  to  permit  fluid  flow  from  one  component  to  another. 
Four  channels  exist  in  the  design:  (1)  LPR  to  inlet  valve,  (2)  inlet  valve  to  drive,  (3)  drive 
to  outlet  valve,  and  (4)  outlet  valve  to  HPR.  As  will  be  shown  in  Chapter  4,  to  reduce  vis¬ 
cous  and  inertial  losses  the  flow  channels  should  be  as  short  as  possible  and  have  large 
cross-sectional  areas.  Observing  the  mechanism  from  the  top  (see  Figure  1.6),  the  drive 
and  the  valves  are  arranged  in  a  triangular  fashion  to  minimize  the  lengths  of  the  channels 
joining  them.  Channel  1  rises  vertically  through  the  center  of  the  mechanism  (it  is  not  vis¬ 
ible  in  the  cutaway  view)  from  the  LPR,  then  runs  radially  where  it  connects  with  the  inlet 
valve.  Channels  2  and  3  extend  horizontally  from  the  drive  to  the  valves.  Channel  4  travels 
vertically  from  the  outlet  valve  to  the  HPR.  The  vertical  channel  sections  are  cylindrical 
because  they  are  etched  directly  into  the  silicon.  The  horizontal  sections  are  rectangular 
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because  they  are  created  by  etching  a  rectangular  feature  into  the  lower  wafer,  then  bond¬ 
ing  the  upper  wafer  to  it,  sealing  the  flow  channel. 


2.4  Materials 

The  primary  constraint  from  materials  on  the  design  of  micromechanisms  is  the  small 
number  and  variety  of  materials  available  [Burgess  et  al.,  1997].  Some  of  them,  however, 
possess  outstanding  mechanical  properties.  The  engineering  properties  of  some  common 
micromechanical  materials  are  shown  in  Table  2.1,  taken  partially  from  Burgess  et  al., 
1997.  Here  it  can  be  seen  that  silicon  (Si),  the  most  common  MEMS  material,  has  a  yield 


TABLE  2.1  Engineering  properties  of  common  micromechanical  materials3  (stainless  steel  and  aluminum 
are  included  for  comparison). 


Material 

Density 

(kg/m3) 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Yield 

strength 

(GPa) 

Toughness 

(MN/m3/2) 

Thermal 

expansion 

(10'5/*C) 

Single  crystal  silicon  (Si) 

2300  [2] 

196  [1] 

0.250  [8] 

7  [3] 

1-2  [4] 

0.233  [3] 

Single  crystal  silicon 
carbide  (SiC) 

3200  [3] 

700  [3] 

0.192  [6] 

21  [3] 

4.8-6. 1  [4] 

0.33  [3] 

Pyrex 

2520  [7] 

70  [7] 

0.200  [7] 

0.069  [7] 

0.75  [8] 

0.46  [7] 

Diamond 

(crystalline  ceramic) 

3500  [5] 

1000  [2] 

0.100  [9] 

50  [2] 

2.3-3.4  [4] 

1  [5] 

Stainless  Steel 
(polycrystalline  metal) 

7900  [2] 

200  [5] 

0.305  [5] 

2.1  [3] 

40  [10] 

17.3  [5] 

Aluminum 

2700  [2] 

70  [5] 

0.330  [5] 

0.17  [5] 

100-350  [4] 

25  [5] 

a.  (1]  Sze,  1988;  [2]  Gardner,  1994;  [3]  Peterson,  1982;  [4]  Ashby,  1992;  [5]  Avallone  and  Baumeister, 
1987;  [6]  Lide,  1995;  [7]  Schneider,  1992;  [8]  Bloor  et  al.,  1994;  [9]  Kelly,  1973;  [10]  Bryzek  et  al., 
1994. 


strength  more  than  twice  that  of  stainless  steel.  The  elastic  modulus  of  Si  is  roughly  the 
same  as  steel’s,  but  at  one-third  the  density.  Its  excellent  mechanical  properties,  combined 
with  its  well  studied  and  documented  use  in  the  field  of  integrated  circuit  fabrication, 
makes  it  extremely  popular  in  MEMS  applications  [Mehregany  and  Huff,  1995].  The 
emergence  of  silicon  carbide  (SiC),  an  even  stiffer  and  stronger  material,  in  micromachin¬ 
ing  has  also  introduced  new  possibilities  in  MEMS  design.  Its  strong  covalent  bonds  leads 
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to  an  elastic  modulus  much  higher  than  that  of  Si.  And  while  silicon’s  elastic  modulus 
decreases  at  elevated  temperatures  (above  ~600°C)  SiC  retains  its  mechanical  characteris¬ 
tics  well  above  1000°C.  Also  included  in  the  table  are  the  properties  of  diamond,  a  mate¬ 
rial  whose  application  to  MEMS  is  currently  under  development  [Burgess  et  al.,  1997], 

Piezoelectric 

The  performance  of  recently  developed  single  crystal  piezoelectrics  makes  them  the  clear 
choice  for  use  as  the  transduction  elements  in  the  MHST  design.  Table  2.2  compares  TRS- 
A,  a  commercially  available  single  crystal  piezoelectric,  with  PZT-5H,  a  common  poly¬ 
crystalline  ceramic.  It  can  be  seen  that  the  d  constants  are  approximately  four  times  greater 
for  TRS-A  than  for  PZT-5H,  indicating  a  roughly  equal  increase  in  performance.  It  is 
expected  that  the  ongoing  research  will  soon  yield  single  crystals  capable  of  ten  times  the 
performance.  For  the  purpose  of  system  simulation  in  this  work,  the  properties  of  TRS-A 
were  used  to  model  the  piezoelectric  and  provide  conservative  estimates  of  system  perfor¬ 
mance. 


TABLE  2.2  Comparison  of  polycrystalline  and  single  crystal  piezoelectrics 


Piezoelectric 

Density 

(kg/m3) 

^33 

(pC/N) 

d31 

(pC/N) 

k33 

k3. 

k« 

TRS-Aa 

8000 

2200 

-1000 

0.92 

0.56 

0.43 

PZT-5Hb 

7500 

593 

-274 

0.75 

-0.39 

0.51 

a.  TRS  Ceramics,  Inc.,  Suite  J,  2820  East  College  Avenue,  State  College,  Pennsylvania 

b.  Mattiat,  O.E.,  1971 


Structure 

Two  concepts  governed  materials  selection  for  the  structure:  (1)  creating  fluid  chambers 
that  were  as  stiff  as  possible  and  (2)  diaphragms  capable  of  large  deflections.  SiC  was 
clearly  suited  for  use  in  the  chamber  structures  of  the  MEMS  device  because  of  its  high 
elastic  modulus  and  yield  strength.  To  facilitate  fabrication  of  the  mesoscale  system.  Si 
was  selected.  The  diaphragms  required  a  material  that  was  strong  yet  capable  of  large 


Materials 


65 


strains,  suggesting  the  use  of  the  ratio  of  yield  strength  to  elastic  modulus  as  the  perfor¬ 
mance  index.  Table  2.3  shows  this  index  for  the  materials  mentioned  above.  It  can  be  seen 
that  Si  and  SiC  possess  the  best  properties  for  diaphragm  fabrication  (among  conventional 
MEMS  materials),  with  Si  having  a  slight  advantage.  Si  was  therefore  selected  for  use  in 
the  device  diaphragms.  Pyrex  wafers  were  also  used  in  the  structure  to  permit  anodic 
bonding  of  the  layers. 


TABLE  2.3  Performance  index  for  diaphragm  materials 


Material 

Strain  to  yield3 

Single  crystal  silicon  (Si) 

0.036 

Single  crystal  silicon  carbide  (SiC) 

0.030 

Pyrex 

0.001 

Diamond 

(crystalline  ceramic) 

0.050 

Stainless  Steel 
(polycrystalline  metal) 

0.011 

Aluminum 

0.002 

a.  Strain  to  yield  =  cy2s 


Working  Fluid 

The  working  fluid  selection  was  based  on  finding  a  substance  that  had  low  viscosity  (to 
reduce  viscous  energy  losses),  high  bulk  modulus  (to  reduce  elastic  energy  losses),  and 
low  density  (to  reduce  inertial  pressure  drops  and  overall  system  mass).  The  non-com¬ 
pressibility  requirement  immediately  precluded  using  a  gas  as  the  working  fluid.  Table  2.4 
compares  the  mechanical  properties  of  several  potential  working  liquids. 

Water  was  selected  as  the  working  fluid  for  the  initial  design  because  is  has  favorable 
properties  and  is  the  most  common  liquid  used  in  micropumps.  It  will  be  shown  in  the 
parameter  study  (Chapter  5)  that,  with  respect  to  performance,  mercury  and  carbon  tetra¬ 
chloride  are  also  viable  liquids. 
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TABLE  2.4  Comparison  of  working  liquid  properties3 


Fluid 

Density 

(kg/m3) 

Viscosity 

(N/m2-s) 

Bulk 

modulus 

(GPa) 

Sonic 

speed 

(m/s) 

Vapor 

pressure 

(Pa) 

Water 

1000 

1.0e-3 

2.24 

1485 

2339 

Mercury 

13,570 

1.5e-3 

25.0 

1450 

n/ab 

Carbon  tetrachloride 

1590 

0.97e-3 

0.96 

939 

13,790c 

a.  Avallone  and  Baumeister,  1987 

b.  Mercury  has  no  vapor  pressure  at  room  temperature 

c.  Yaws,  1994 


2.5  Circuitry 

Power  and  Control  Electronics 

The  system  control  circuitry  is  responsible  for  synchronizing  the  components  and  actuat¬ 
ing  them  in  such  a  way  that  the  command  signals  input  to  the  system  are  obeyed.  The  spe¬ 
cific  duties  of  the  control  electronics  are: 

1.  Synchronize  valve  actuation  and  duty  cycle  with  the  pump  drive  signal 

2.  Affect  fluid  flow  direction  changes  by  shifting  the  valve  phasing 

3.  Operate  drive  and  valves  in  power  harvesting  mode  if  unidirectional  actua¬ 
tion  and  energy  recovery  are  required 

Other  functionality  may  be  included  in  the  circuitry  for  specialized  applications  (e.g.  servo 
valve  operation  for  precise  control  of  flows). 

Power  Harvesting  Electronics 

Energy  extraction  from  the  piezoelectric  in  the  power  harvester  may  be  accomplished 
using  rectified  DC  voltage  source  shunting  in  the  manner  described  by  Warkentin  and 
Hagood,  1997.  In  this  concept,  the  piezoelectric  element  is  shunted  by  a  four-diode  full- 
wave  rectifier  which  is  connected  to  a  rechargeable  battery.  The  circuit  is  illustrated  in 
Figure  2.7.  When  the  piezoelectric  element  experiences  large  deformations,  the  accumu¬ 
lated  charge  causes  the  diodes  to  becomes  forward  biased  and  current  flows  from  the  ele¬ 
ment  to  the  energy  storage  electronics  and  the  voltage  across  the  element  is  effectively 
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Mechanical 1  Electrical 


* 

Power 
_  Out 


Piezoelectric  I  Rectifying  Energy  Storage  Electronics 

Element  i  Diode  Bridge 

Figure  2.7  Power  harvesting  circuit 

clipped  at  +/-  the  DC  battery  voltage.  The  diode  bridge  ensures  that  current  always  flows 
into  the  battery.  Use  of  this  circuit  stores  the  energy  harvested  from  the  piezoelectric  as  an 
electrical  potential  across  the  battery  terminals  where  it  can  be  accessed  by  external  cir¬ 
cuitry  when  needed.  It  is  also  possible  to  include  an  inductor  in  parallel  with  the  piezoelec¬ 
tric  element  to  create  a  resonant  circuit  tuned  to  the  excitation  frequency. 

Circuit  Integration 

The  circuitry  for  the  prototype  design  is  external  to  the  system  to  simplify  construction 
and  testing.  In  the  ultimate  MEMS  transducer  both  the  drive  and  energy  harvesting  elec¬ 
tronics  can  be  integrated  with  the  MHST  system,  using  IC  fabrication  techniques,  by  pack¬ 
aging  them  in  the  gas  chamber  adjoining  the  LPR.  The  electronics  are  thus  completely 
insulated  and  shielded  from  the  transducer’s  environment,  and  the  mechanism  becomes 
totally  self-contained  with  the  exception  of  two  leads  connecting  it  to  the  power  source/ 
sink. 

2.6  Manufacturability 

Process 

Fabrication  of  a  mesoscale  mechanism  can  be  accomplished  with  conventional  microma¬ 
chining  techniques  and  mechanical  assembly.  The  currently  envisioned  assembly  process 
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is  illustrated  below  for  the  drive  piston.  A  diagram  of  the  layers  comprising  the  packaged 
device  is  shown  in  Figure  2.8.  The  top  layer  is  a  500  |Xm  thick  commercially  available  Sil- 
icon-On-Insulator  (SOI)  wafer  consisting  of  a  thin  (~  300  nm)  Si02  insulating  layer  sand¬ 
wiched  between  a  thick  layer  and  a  thinner  10  p.m  layer,  both  of  single  crystal  Si.  The 
cylindrical  piezoelectric  element  has  a  diameter  and  length  of  1  mm,  with  500  nm  thick 
chrome/gold  electrodes  at  either  end.  The  Pyrex  layer  is  the  same  thickness  as  the  active 
element,  with  a  6  mm  hole  drilled  in  it  to  form  the  cavity.  The  bottom  layer  is  a  500  Jim 
thick  single  crystal  Si  wafer.  Multiple  units  can  be  batch  fabricated;  the  mask  for  etching 
the  annular  rings  in  the  SOI  wafer  is  shown  Figure  2.8.  The  units  are  separated  by  dicing 
the  wafer  along  the  horizontal  and  vertical  lines  on  the  mask  using  a  rotating  diamond  saw. 
Although  separation  is  not  necessary  it  permits  individual  fabrication  and  testing  and  thus 
greater  experimental  flexibility. 


Top  Si  wafer 
(0.5  mm  thick) 


Q-* —  Piezo  (1  mm  x  1  mm) 


Center  cross-section 


FiSur®2-8  Mesoscale  drive  mechanism  components.  Clockwise  from  top  left:  exploded  components 
assembled  unit,  wafer  mask.  The  hole  in  the  Pyrex  is  6  mm  in  diameter.  The  annular  ring  in  the  top  wafer 
has  5.7  mm  I.D.  and  6  mm  O.D. 
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The  manufacturing  steps  can  best  be  divided  into  two  stages:  fabrication  of  the  piston,  and 
assembly  of  the  device  components.  In  the  first  stage,  detailed  in  Figure  2.9,  the  top  SOI 
wafer  is  etched  to  form  the  piston  and  diaphragm.  Deep  Reactive  Ion  Etching  (DREE)  is 
used  so  as  to  achieve  near  vertical  walls.  The  Si/Si02  selectivity  of  the  process  is  100:1  so 
that  the  insulating  layer  forms  an  effective  etch  stop.  After  the  material  in  the  annulus  has 
been  etched  away  a  10  pm  thick  diaphragm  remains  connecting  the  piston  to  the  outer 
structure. 


Begin:  Standard  SOI  wafer 


Stepl:  Spin-coat  1  micron  thick 
photoresist  layer 

Step  2:  Dark-field  mask  alignment 
Step  3:  Exposure  to  UV  light 

Step  4:  Photoresist  development 

Step  5:  DRIE  plasma  etch  of  Si  to  silicon  dioxide 
layer  (Si/Si02  Selectivity  =  100/1) 

Microfabrication  sequence  for  top  SOI  wafer 


The  second  assembly  stage  is  illustrated  in  Figure  2.9.  First,  the  piezoelectric  element 
length  and  the  Pyrex  layer  thickness  are  measured  and  compared.  Since  the  allowable  mis¬ 
match  is  significantly  smaller  than  the  manufacturer’s  tolerances  for  the  components  (~10 
pm  will  fracture  the  diaphragm),  it  is  necessary  to  etch  a  seat  for  the  active  element  in  the 
bottom  wafer  after  precise  measurement  of  the  element’s  thickness.  The  seat  serves  the 
dual  functions  of  compensating  for  dimension  mismatches  (it  is  possible  to  control  the 
etch  depth  to  much  greater  accuracy)  and  alignment  of  the  element.  Since  the  seat  "low¬ 
ers"  the  element,  the  tolerances  specified  to  the  manufacturers  must  ensure  that  the  length 
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of  the  piezoelectric  is  nominally  greater  than  the  thickness  of  the  Pyrex.  The  next  step  is  to 
anodically  bond  the  pyrex  to  the  bottom  wafer.  The  piezoelectric  is  then  inserted  into  the 
seat  and  captured  by  the  placement  of  the  top  SOI  wafer.  The  SOI  wafer  is  then  anodically 
bonded  to  the  Pyrex.  Next,  the  temperature  is  raised  to  the  eutectic  temperature  of  the 
chrome/gold  electrodes  (~360°C)  and  the  piezoelectric  element  becomes  bonded  to  the 
top  and  bottom  Si  layers.  Since  the  eutectic  temperature  is  greater  than  the  Curie  tempera¬ 
ture  of  the  piezoelectric,  depolarization  of  the  active  element  occurs.  Therefore,  the  final 
step  is  to  repole  the  element  by  applying  a  strong  coercive  electric  field  via  voltages  at  the 
top  and  bottom  Si  wafers. 


■ngj  IT  1 1 


Starting  bottom  Si  wafer  (top  surface  polished) 

Step  1 :  Measure  thicknesses  of  pyrex  and  piezoelectric 


Step  2:  Etch  cavity  in  bottom  Si  wafer 

^ —  gg+  V  Step  3:  Anodically  bond  pyrex  to  bottom  Si  wafer 

[  T  =  300  C  ] 

[  V  -  600  Volts  ] 

Step  4:  Insert  piezoelectric  into  center  of  chamber 


M  liif  -  V  Step  5:  Anodically  bond  pyrex  to  top  Si  wafer 

[  T  =  300C  ] 

{  V  -  600V  ] 

Step  6:  Eutectically  bond  piezoelectric  electrodes  to  Si  wafers 
[  T  =  420C  ] 

Step  7:  Reduce  temperature  to  80°C;  pole  piezoelectric  at  1000V 
Figure  2.10  Assembly  sequence  for  device  components 
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To  test  the  feasibility  of  this  process,  prototype  pistons  were  manufactured1.  Some  were 
examined  after  a  single  DRIE  etch,  while  others  underwent  an  additional  wet  hydrofluoric 
(HF)  etch  to  improve  the  surface  finish.  Scanning  Electron  Microscope  (SEM)  micro¬ 
graphs  of  the  devices  appear  in  Figure  2.11.  To  obtain  cross  sectional  images  the  devices 
were  broken  in  half  along  an  Si  cleavage  plane.  Normally,  the  DRIE  process  produces  an 
undercut  in  the  walls  when  the  ions  reach  the  Si02  etch  stop.  However,  the  etch  that  gener¬ 
ated  the  features  seen  in  micrographs  (a)  and  (b)  was  stopped  prematurely  and  a  fillet  is 
present  in  place  of  the  expected  undercut.  Thin  vertical  features  can  also  be  seen  in  these 
images  -  although  the  majority  of  them  were  a  result  of  the  incomplete  etching,  the  striated 
surface  visible  on  the  wall  is  indicative  of  the  DRIE  process.  Close  inspection  of  the  Si- 
Si02  interface  revealed  fillet  radii  of  approximately  3-4  pm.  Images  (c)  and  (d)  show  the 
results  obtained  from  the  additional  HF  etch.  Image  (c)  shows  a  smoother  surface,  as  well 
as  the  undercut  that  is  caused  by  a  complete  DRIE  etch.  A  detail  of  the  comer  geometry 
appears  in  image  (d),  where  it  can  be  seen  that  the  HF  etch  enlarged  the  pre-existing 
undercut,  and  generated  an  additional  one  in  the  underlying  Si02  layer. 

Implementation  of  a  reduced  scale  microsystem  will  be  similar  to  the  mesoscale  fabrica¬ 
tion,  with  some  differences.  For  example,  Si-Si  wafer  bonding  will  be  used  in  place  of  the 
more  convenient  Si-Pyrex  anodic  bonding  used  in  the  mesoscale  prototype.  Additionally, 
smaller  wafer  thicknesses  (~50  pm)  and  diaphragm  thicknesses  (~1  pm)  may  call  for  dif¬ 
ferent  fabrication  techniques. 

The  currently  envisioned  9-layer  structure  of  the  microsystem  is  shown  in  Figure  2.12. 
Layer  1  serves  as  the  base  of  the  structure.  A  large  diameter  cavity  is  etched  into  this  layer 
that  serves  as  the  gas  chamber  used  for  volume  compensation  of  the  LPR.  Layer  2  is  a  thin 
Si  membrane  that,  when  bonded  to  Layer  1,  forms  the  gas  chamber.  Layer  3  is  a  relatively 
thick  layer,  housing  the  internal  structural  chambers  for  the  two  valves  and  drive.  Bonding 
Layer  3  to  Layer  2  results  in  the  formation  of  the  LPR.  The  piezoelectric  elements  are 

1 .  Fabrication  of  the  prototypes  was  performed  jointly  by  the  Active  Materials  and  Strcutures  Lab  and  Bos- 
ton  Microsystems. 


nrnvi^H  K,!  .k  S^M  m^0graPhs  of  the  D,RrE  etched  prototype  dnve  pistons.  The  top  two  show  the  results 
provided  by  the  single ;  DRIE  process.  The  bottom  two  were  obtained  after  a  secondary  wet  etch  performed  to 
improve  surface  finish.  Image  (a)  views  the  diaphragm-chamber  wall  interface  at  an  angle.  Image  (b)  is  a 
cross  section  of  the  diaphragm-chamber  tether  point.  The  darker  area  at  right  is  the  cleavage  plane  and  is 

™,  lr°  the  v*T.g  firelct,on-  ftonge  (c)  shows  the  diaphragm-chamber  wall  interface  in  the  wet  etched 
sample.  Image  (d)  details  the  comer  features  in  image  (c). 


deposited  into  Layer  3.  Layer  4  contains  the  flexible  diaphragms  for  the  drive  pistons. 
Etched  into  the  underside  of  Layer  5  are  the  top  portions  of  the  valve  chambers  and  the 
drive.  Layer  6  includes  the  valve  diaphragms  for  the  valves.  Through  the  centers  of  Layers 
3  through  6  is  a  circular  channel  that  connects  the  fluid  in  the  LPR  to  Layer  7.  In  Layer  7, 
a  horizontal  channel  is  etched  that  directs  this  fluid  from  the  outlet  of  the  low-pressure 
valve  to  this  central  vertical  channel.  Layer  8  seals  the  horizontal  channel  and  provides  an 
orifice  for  flow  from  the  HPR  to  the  inlet  of  the  high  pressure  valve.  Layer  9  incorporates 
a  thin  membrane  that  together  with  Layer  8  forms  the  HPR. 
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Figure  2.12  MHST  layers 


Microfabrication  Issues 

Realization  of  a  system  smaller  than  the  mesoscale  is  contingent  on  the  resolution  of  sev¬ 
eral  key  issues.  They  are  listed  below: 

1.  Integration  of  the  piezoelectric  material’.  In  the  mesoscale  system  the  active 
element  is  large  enough  to  be  manually  inserted  into  the  cavity,  but  this  is 
both  difficult  and  tedious.  Current  methods  of  piezoelectric  deposition  tech¬ 
niques  such  as  thin-film  sputtering  are  not  capable  of  providing  the  structure 
needed.  New  techniques  are  therefore  required. 

2.  Fluid  encapsulation:  The  procedure  whereby  the  working  fluid  is  encapsu¬ 
lated  within  the  hydraulic  chambers  of  the  valves,  as  well  as  the  priming  of 
the  pump  chamber  and  channels,  is  another  area  requiring  research.  Specific 
issues  include  the  degasing  (removal  of  air  bubbles)  of  the  encapsulated 
fluid,  electrical  isolation  of  the  fluid  (unless  a  nonconductive  fluid  is  used), 
and  the  overcoming  of  surface  tension  when  priming  the  pump. 

3.  Alignment  and  bonding :  Although  each  layer  shown  in  Figure  2.12  is  rela¬ 
tively  simple  to  fabricate,  the  alignment  and  bonding  of  a  MEMS  structure 
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with  so  many  layers  will  require  the  development  of  new  techniques.  Cur¬ 
rently,  conventional  MEMS  structures  are  typically  limited  to  approximately 
5  layers.  Research  is  also  needed  to  determine  the  effects  of  the  elevated 
bonding  temperatures  on  the  piezoelectric  element.  If  it  is  found  that  such 
temperatures  are  damaging,  then  low  temperature  bonding  techniques  must 
be  explored. 


2.7  Summary 

This  chapter  described  the  conceptual  development  of  the  MHST  design.  The  strategy 
used  in  the  design  process  was  presented  as  well  as  the  existing  goals  and  constraints.  A 
description  of  the  system  components  was  begun  by  explaining  the  function  and  geometry 
of  the  hydraulic  amplifier  mechanism.  The  design  of  the  drive,  valves,  reservoirs,  gas 
chamber,  and  flow  channels  was  then  addressed.  The  considerations  and  results  of  the 
materials  selection  process  were  set  forth,  followed  by  a  discussion  of  the  function  and 
integration  of  the  system  electronics.  Finally,  manufacturability  of  the  system  was 
addressed  by  considering  the  current  state  of  micromachining  technology  as  well  as  infor¬ 
mation  gained  from  the  fabrication  of  prototype  piston  mechanisms. 


Chapter  3 

MODELING 


3.1  Introduction 

Although  quasistatic  models  of  macro  hydraulic  systems  are  commonplace,  since  system 
scale  changes  the  relative  importance  of  physical  effects  (e.g.  the  impact  of  fluid  inertia  on 
behavior  is  more  prominent  on  the  micro  scale),  a  dynamic  formulation  of  the  equations  is 
necessary.  Unfortunately,  little  work  has  hitherto  been  done  to  model  the  dynamic  interac¬ 
tions  of  microfluidic  system  components  [Zengerle  and  Richter,  1994]. 

This  chapter  presents  a  modeling  methodology  combining  theoretical  and  numerical  tech¬ 
niques  that  may  be  used  to  describe  a  variety  of  dynamic  hydraulic  systems,  and  applies  it 
to  the  prototype  MHST  design.  The  objectives  of  this  chapter  are: 

•  Definition  of  the  requirements  of  the  model  with  respect  to  feasibility  assess¬ 
ment  and  design  of  MHSTs 

•  Discussion  of  the  issues  involved  with  modeling  microhydraulic  systems 

•  Description  of  the  assumptions  used 

•  Introduction  of  generalized  fluidic  system  component  models 

•  Application  of  the  general  model  to  derive  a  theoretical  model  of  the  proto¬ 
type  design 

•  Discussion  of  the  use  of  finite  element  analysis  to  augment  the  theoretical 
model 
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Explicit  requirement  definition  is  fundamental  to  any  modeling  process  but  is  particularly 
crucial  for  fluidic  systems  where  the  model’s  accuracy  depends  greatly  on  the  assumptions 
concerning  fluid  behavior.  An  understanding  of  the  issues  arising  from  miniaturization  is 
necessary  to  create  a  model  that  is,  to  the  extent  possible,  valid  over  all  scales  of  interest, 
thus  permitting  studies  of  performance  versus  scale.  The  establishment  of  canonical  sys¬ 
tem  components  provides  the  tools  with  which  an  integrated  system  model  may  be  assem¬ 
bled,  as  well  as  highlights  significant  design  parameters.  Derivation  of  the  prototype 
model  yields  the  primary  tool  for  feasibility  assessment  of  the  prototype  design.  Finite  ele¬ 
ment  analysis  of  the  drive  and  valve  structures  facilitates  exploration  of  geometry  and 
material  options,  predicts  static  and  modal  component  responses,  and  provides  numerical 
values  for  parameters  such  as  modal  masses  and  structural  compliances. 

3.2  Theoretical  Model 

3.2.1  Requirements 

Dynamics 

Since  the  operational  frequency,  and  therefore  performance,  of  a  MHST  system  is  limited 
primarily  by  the  resonances  of  the  member  components,  a  dynamic  formulation  of  the 
component  equations  is  necessary.  Furthermore,  strong  interactions  between  fluid  and 
structural  elements  often  exist  in  microhydraulic  systems,  dictating  the  inclusion  of  fluid 
inductance  and  chamber  compliances  (fluidic  and  structural)  [Bourouina  and  Grand- 
champ,  1996]. 

Energy  Loss  Mechanisms 

Most  of  the  energy  dissipation  in  MHST  systems  is  due  to  viscous  fluid  flow  through 
valves  and  channels.  Although  primary  losses  will,  in  most  cases,  stem  from  forward  flow, 
backflow  resulting  from  valve  leakage  as  well  as  dynamic  oscillations  may  be  a  significant 
source  of  energy  dissipation.  In  addition,  some  of  the  energy  supplied  to  the  valves  is  dis¬ 
sipated  as  drag  acting  on  the  valve  disc  throughout  its  stroke.  This  is  particularly  important 
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when  evaluating  the  power  harvester  because  some  fraction  of  the  generated  power  must 
be  reserved  to  drive  the  valves. 

System  Compliance  and  Fluid  Compressibility 

The  performance  of  MHST  systems  depends  strongly  on  the  compliance  of  the  surround¬ 
ing  structure  and  the  compressibility  of  the  working  fluid.  In  the  limiting  case  of  an  infi¬ 
nitely  stiff  structure  and  incompressible  fluid,  the  maximum  chamber  pressure  is  equal  to 
the  blocked  stress  of  the  piezoelectric  (accounting  for  the  hydraulic  amplification).  Cham¬ 
ber  and  fluid  elasticities  act  as  springs  between  the  drive  and  the  load,  reducing  the  actual 
pressure  generated.  In  the  actuation  system  the  effect  is  to  reduce  the  outlet  pressure  and 
therefore  the  output  power;  the  power  harvester  suffers  a  decreased  chamber  pressure, 
resulting  is  lower  stress  levels  in  the  drive  element  and  lower  induced  charges.  Although 
liquids  in  hydraulic  systems  are  often  modeled  as  incompressible,  it  will  be  seen  that,  for 
MHST  systems,  fluid  compressibility  is  an  important  factor  and  must  be  included. 

3.2.2  Issues 

Fluid  Behavior 

The  precondition  for  successful  analytical  modeling  of  the  fluid  behavior  in  microhydrau- 
lic  systems  relies  on  correct  assumptions  as  to  the  type  of  flow  [Gravesen  et  al.,  1993]. 
Most  flow  regime  characterizations,  however,  are  based  on  flow  speed  and  channel  geom¬ 
etry,  neither  of  which  remain  constant  during  the  investigation  of  MHST  feasibility.  The 
reciprocating  action  of  the  drive  means  that  flow  will  transition  from  zero  to  maximum 
velocity  every  cycle,  indicating  unsteady  flow,  and  cannot  be  adequately  described  with  a 
single  Reynolds  number.  Furthermore,  the  intended  studies  of  system  performance  versus 
scale  require  a  model  that,  to  the  extent  possible,  consistently  describes  the  fluid  behavior 
for  all  scales  of  interest.  Both  requirements  present  challenges  because,  as  shown  in  Chap¬ 
ter  1,  system  scale  and  frequency  affect  the  flow  regimes  and  therefore  the  forms  of  the 
governing  equations.  An  alternative  to  a  theoretical  model  exists  if  numerical  methods  are 
employed,  either  by  linking  finite  element  analysis  with  computational  fluid  dynamics 
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Figure  3.1  32  microfluidic  devices  presented  in  the  literature,  plotted  in  Reynolds  number  versus  ( l/dh ) 

map.  The  points  plotted  represent  the  largest  flow  reported  [taken  from  Gravesen  et  al.,  1993].  ” 


(CFD)  algorithms  via  interface  programs  [Koch  et  al.,  1996],  or  by  using  software  with 
coupled  structural-fluid  analysis  capabilities  [Ulrich  et  al.,  1995].  However,  the  computa¬ 
tional  intensity  of  these  numerical  methods  makes  design  changes  time  consuming  and 
leads  to  very  lengthy  simulations  [Bourouina  and  Grandchamp,  1996]. 


It  it  necessary  to  identify  what  flow  regimes  are  to  be  expected  and  what  equations  should 
describe  them.  Paraphrasing  from  Gravesen  et  al.,  1993:  in  order  to  determine  whether  a 
flow  pattern  is  laminar  or  turbulent,  it  is  common  practice  to  evaluate  the  Reynolds  num¬ 
ber  and  compare  it  to  the  transitional  number  2000  or  2300.  However,  many  microfluidic 
systems  cannot  be  categorized  in  this  way  because  the  length  of  the  flow  channel  is  shorter 
than  the  entrance  length,  Le,  for  fully  developed  laminar  or  turbulent  flow 

Le  =  0.06dhRe  (3.1) 


Figure  3.1  shows  the  operational  Reynolds  numbers  for  selected  microfluidic  devices  pre¬ 
sented  in  the  literature;  the  plotted  line  represents  the  transitional  Reynolds  number 
defined  in  the  following  manner:  for  small  lid \  ratios,  the  value  for  a  slit-type  orifice  is 
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used;  for  large  ratios  the  commonly  accepted  Ret  ~  2300  is  used;  for  values  in  between, 
Ret  is  taken  to  be  the  ratio  at  which 

(A P)inert  =  ^P\isc  (3-2) 

Gravesen  concludes  that,  "...none  of  them  was  operated  in  the  region  of  fully  developed 
turbulent  flow,  and  that  the  [customary]  transitional  Reynolds  number  2300  seems  to  have 
little  relevance  to  microfluidics." 


TABLE  3.1  Flow  models  for  incompressible  liquids  at  various  Reynolds  numbersab. 


Inertial  losses 

Viscous  losses  dominate 

dominate 

Type  of  restriction 

Definition 

laminar  flow  (Re  «  Ret) 

Ret 

(Re  »  Ret) 

Orifice 

l/dh  <  0.5 

-§• 

ii 

Ol 

15 

^  A  j2~~ 

Q  -  —  ~Ap 

Short  channel 

2  <  l/dh<50 

30  (l/dh) 

orifice:  ^  =  2.6 
channel:  1  <  £  <  1.5 

Long  channel 

l/dh>  100 

2  di 

Q  =  ATfi* 

2300 

« ■ 

Diffuser  inlet  (dK) 
outlet  (dh) 

5  >  l/dh  >  50 

n  A  2  4^4/di-i) 

Q‘AC,1»  I-V4  “P 

30  (l/dh) 

( A  is  the  smallest  area) 

0.2  <  ^  <  1 

a.  Taken  partially  from  [Gravesen  et  al.,  1993] 

b.  A  =  cross-sectional  area  of  flow  channel;  Ct—  friction  coefficient  (= _/Re;  =  64  for  circular  cross-sec¬ 
tion;  =  96  for  rectangular  cross-section;  -  41  for  slit-type  orifice);  dh  =  hydraulic  diameter;  A p  = 
pressure  drop;/r  =  friction  factor  (~  0.14Re'018  for  fully  developed  turbulent  flow);  Q  =  volumetric 
flow  rate;  p  =  viscosity;  p  =  density. 


Table  3. 1  summarizes  the  commonly  used  flow  models  for  incompressible  liquids  at  vari¬ 
ous  Reynolds  numbers.  According  to  this  table  (where  the  flow  channels  in  the  MHST 
prototype  design  may  be  classified  as  short  channels),  for  Reynolds  numbers  below  the 
transition  value,  the  flow  is  fully  developed  laminar,  viscous  losses  dominate,  and  the  left 
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equation  governs  flow  (the  Hagen-Pousieulle  law).  For  values  greater  than  the  transition, 
the  inertial  pressure  drop  dominates  and  the  right  equation  is  used. 

Several  problems  exist,  however,  when  these  equations  are  applied  to  the  prototype  design. 
Firstly,  the  equations  for  inertial  pressure  drops  are  derived  assuming  that  kinetic  energy  is 
not  transferred  from  one  fluidic  element  to  the  next,  which  is  to  say  that  the  channels  are 
terminated  with  a  sudden  expansion  in  the  flow  path  cross-section.  This  assumption  is 
highly  dependent  on  the  geometry  of  the  channel  ends  and,  for  the  most  part,  is  not  appli¬ 
cable  to  the  MHST  design.  Secondly,  no  account  is  taken  of  the  acceleration  of  the  fluid 
slug  due  to  the  flow  velocity  changes  (which  are  extreme  in  high  frequency  pumps). 

Numerical  Integration 

Computer  simulations  of  hydraulic  systems  are  difficult  to  integrate  if  the  ordinary  differ¬ 
ential  equations  are  numerically  stiff,  which  is  common  if  the  system  contains  compli¬ 
ances  of  different  orders  of  magnitude.  For  example,  changing  valve  states  cause  the  pump 
to  experience  enormous  changes  in  the  stiffness  of  its  load.  For  such  systems,  a  poorly 
chosen  integration  algorithm  will  require  excessively  small  time  steps  and  simulations  will 
be  extremely  slow  [Piche  et  al.,  1995].  In  fact,  numerical  integration  of  the  model  pre¬ 
sented  in  this  work  using  normal  Runge-Kutta  methods  is  not  feasible.  The  model  was 
simulated  using  MATLAB  with  the  SIMULINK1  dynamic  system  simulation  toolbox, 
partly  because  of  the  versatility  of  SIMULINK  and  the  ease  with  which  design  changes 
can  be  made,  but  also  because  the  package  contains  several  integration  routines  designed 
specifically  to  solve  numerically  stiff  problems;  the  solver  chosen  was  based  on  a  modified 
Rosenbrock  formula  of  order  2.  Several  other  integration  options  exist,  such  as  a  modified 
Runge-Kutta  method  proposed  by  Piche  et  al.  in  1995. 


1 .  MATLAB  version  5.2;  SIMULINK  version  2. 1 ;  The  Math  Works,  Inc.,  24  Prime  Park  Way,  Natick,  MA 
01760-1500 
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3.2.3  Assumptions 

Single  DOF  Component  Dynamics 

Since  drive  frequencies  significantly  exceeding  the  first  natural  frequency  of  any  structural 
component  will  most  likely  result  in  poor  system  performance,  single  vibration  modes 
were  assumed  for  all  structural  elements  resulting  in  lumped,  single  DOF  component 
models.  In  most  cases,  the  surrounding  structures  (e.g.  chambers  and  flow  channel  walls) 
will  have  resonances  much  greater  than  the  operational  frequency  and  may  therefore  be 
treated  quasistatically. 

Structural  Expansion 

Due  to  the  structural  compliance  of  the  pump  chamber,  interior  pressures  will  cause  the 
structure  to  deform,  changing  the  control  volume  size.  It  is  assumed  that  this  volume 
change  is  small  compared  to  the  undeformed  volume  of  the  chamber,  with  the  result  that 
the  control  volume  may  be  taken  to  be  constant.  Since  the  flow  channels  are  to  be  etched 
or  otherwise  micromachined  in  Si  or  SiC  wafers,  the  volume  of  material  surrounding  the 
channels  is  large  compared  to  their  cross-sectional  areas.  This  fact,  combined  with  the 
high  stiffness  of  silicon,  suggests  that  the  deformation  of  the  channels  may  be  neglected 
and  the  cross-sectional  areas  assumed  constant.  The  channels  are  therefore  assumed  to  be 
infinitely  stiff,  which  is  to  say  that  they  have  infinite  hydraulic  capacitance. 

Fluid  Compressibility 

The  liquid  in  the  pump  chamber  is  quasistatically  compressible,  which  is  to  say  that  a 
finite  bulk  modulus  relates  pressure  to  volume  change,  but  wave  propagation  is  ignored.  In 
most  cases,  the  volume  of  fluid  in  the  flow  channels  and  valves  is  small  compared  to  the 
chamber  and  the  added  compliance  is  negligible.  Fluid  in  these  regions  is  therefore  mod¬ 
eled  as  incompressible. 

The  interior  pressure  distributions  of  the  system  cavities  are  assumed  to  be  uniform.  This 
assumption  is  valid  when  the  acoustic  wavelength  of  the  working  fluid  (at  the  operating 
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frequency)  is  significantly  greater  than  the  maximum  cavity  dimension,  as  it  true  for  the 
prototype  system. 

Steady  Flow 

Steady  flow  is  assumed  in  the  derivation  of  the  viscous  resistances  of  the  components. 
Although  this  scenario  cannot  truly  occur  in  high  frequency  reciprocating  pumps,  it  is  a 
necessary  approximation  because  little  a  priori  knowledge  exists  about  the  dynamics  of 
the  flow  in  the  irregular  geometries  of  the  design. 

Inertial  Pressure  Drops 

Two  sources  for  inertial  pressure  drops  exist  in  MHST  flow  channels.  The  first  is  caused 
by  the  acceleration  of  a  fluid  particle  as  it  enters  a  channel,  and  is  described  by  the  Ber¬ 
noulli  equation.  The  second  is  due  to  the  acceleration  of  the  fluid  slug  in  the  channel 
caused  by  the  corresponding  acceleration  of  the  pump  piston.  It  is  assumed  in  this  work 
that  the  inertial  pressure  drops  caused  by  the  high  frequency  reciprocation  of  the  pump 
will  dominate  the  former  effect. 

Cavitation 

Cavitation  must  considered  in  all  mechanical  pump  designs.  Cavitation  is  the  formation 
and  subsequent  collapse  of  vapor-filled  cavities  in  a  liquid  due  to  dynamic  action  [Olsson 
et  al.,  1996],  In  the  MHST,  the  high  frequency  reciprocations  of  the  pump  may  induce 
cavitation  at  the  piston-liquid  interface.  The  phenomenon  is,  however,  difficult  to  incorpo¬ 
rate  into  the  theoretical  model.  The  two  passive  diffuser  pumps  discussed  in  Chapter  1  are 
the  only  reciprocating  micropumps  with  operational  frequencies  approaching  that  of  the 
MHST.  Olsson  et  al.  reported  that  they  measured  the  best  performance  of  their  pump, 
operating  at  3-4  kHz,  just  below  the  level  of  electrical  excitation  that  caused  cavitation, 
concluding  that  "maximum  pump  diaphragm  excitation  is  therefore  limited  by  cavitation" 
[Olsson  et  al.,  1996].  Gerlach  and  Wurmus  reported  successful  operation  of  a  pump  with 
an  1 1  x  1 1  mm  membrane  up  to  its  mechanical  resonance  of  10  kHz,  but  observed  that 
when  a  smaller  pump  was  driven  at  its  correspondingly  higher  resonance  "the  dynamic 
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passive  valves  did  not  work  anymore”  [Gerlach  and  Wurmus,  1995];  the  source  of  the  per¬ 
formance  reduction  was  not  determined.  With  this  information  in  hand,  it  is  concluded  that 
it  is  possible  for  a  mechanical  pump  to  operate  in  the  kHz  range,  but  that  cavitation  may  be 
a  limiting  factor. 

Several  possible  solutions  exist  to  the  cavitation  problem.  Firstly,  it  is  possible  to  bias  the 
chamber  pressure,  perhaps  by  using  auxiliary  piezoelectric  elements,  such  that  the  cham¬ 
ber  pressure  never  falls  below  the  vapor  pressure  of  the  fluid.  Secondly,  the  choice  of 
working  fluid  is  extremely  important.  For  example,  it  will  be  seen  that  mercury,  which  has 
no  vapor  pressure  at  room  temperature,  is  a  viable  liquid.  Therefore,  cavitation  will  not  be 
addressed  in  subsequent  sections  of  this  report  and  is,  rather,  emphasized  as  a  subject  for 
future  experimental  study.  Accordingly,  it  must  be  stressed  that  the  pressures  predicted  by 
simulation  results  are  meant  as  pressure  differentials  only,  and  implementation  of  the  sub¬ 
ject  design  must  include  measures,  such  as  those  mentioned  above,  to  avoid  cavitation. 

3.2.4  Canonical  Components 

The  definition  of  canonical  system  components  aids  the  modeling  process  and  sheds 
insight  into  the  system’s  key  parameters.  The  elements  required  to  realize  a  MHST  system 
are  volume  source,  pump  chamber,  active  valve,  and  flow  channel.  In  order  to  capture  the 
dynamics  of  the  integrated  system,  the  static  and  dynamic  characteristics  of  each  element 
must  be  specified  [Zengerle  and  Richter,  1994]. 

Volume  Source  (Piezoelectric  Drive  Element) 

The  volume  source  is  piezoelectric  and  is  the  primary  transduction  element  in  the  system. 
When  employed  in  an  actuator  its  function  is  to  strain  under  an  applied  voltage,  changing 
the  size  of  a  control  volume  and  forcing  fluid  flow.  In  power  harvesting  applications  the 
reverse  process  is  used:  pressurized  fluid  entering  the  control  volume  induces  compressive 
strain  in  the  element  and  generates  a  voltage  signal.  Pressure  oscillations  will  cause  simi¬ 
lar  voltage  fluctuations  across  the  material  and  induce  current  flow;  the  resulting  electrical 
power  is  harvested  via  coupled  rectifying  circuitry.  Figure  3.2  illustrates  the  volume 
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Figure  3.2  Canonical  volume  source  and  pressure  transducer 


source  and  the  nature  of  its  transfer  function  which  relates  the  pressure  of  the  surrounding 
fluid,  p,  and  the  applied  electric  field,  Ep  to  the  change  in  volume  of  the  element,  AV[ 

Transduction  in  piezoelectrics  stems  from  their  coupled  mechanical  and  electrical  dynam¬ 
ics,  the  modeling  of  which  has  been  the  subject  of  much  research.  Typically  the  electrical 
dynamics  of  the  piezoelectric  are  ignored  when  it  is  used  as  an  actuator;  the  mechanical 
dynamics  are  likewise  neglected  when  it  is  used  as  a  sensor.  Although  such  simplified  for¬ 
mulations  can  fully  describe  the  mechanical  behavior  of  the  MHST  actuator  (because  a 
voltage  is  applied),  the  functionality  of  the  power  harvester  lies  in  the  coupling  of  the  vol¬ 
ume  source  with  the  attached  circuitry  and  fully  coupled  equations  are  therefore  necessary. 
A  methodology  for  deriving  the  coupled  equations  of  motion  has  been  presented  by 
Hagood  et  al.  using  the  well-known  piezoelectric  constitutive  relations  and  Hamilton’s 
Principle  [Hagood  et  al.,1990],  and  is  summarized  in  Appendix  A.  The  resulting  equations 
are 

(■ Ms  +  MP)H  +  ( Bs  +  Bp)"  +  (Ks  +  Kp)n  +  OVe  =  BjF  Actuator  Equation  (3.3) 

n  +  C pV e  =  Bqq  Sensor  Equation  (3.4) 

where  Msp  are  the  mass  matrices,  Bsp  are  the  damping  matrices,  Ksp  are  the  stiffness 
matrices,  Cp  is  the  piezoelectric  capacitance  matrix,  ©  is  the  electromechanical  coupling 
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matrix,  Bj  is  the  mechanical  forcing  matrix,  and  Bq  is  the  electrical  forcing  matrix.  The 
subscripts  s  and  p  refer  to  the  structure  and  piezoelectric,  respectively. 
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Figure  3.3  Canonical  pump  chamber 


Pump  Chamber 

The  pump  chamber,  shown  in  Figure  3.3,  is  a  structure  surrounding  the  volume  source  that 
permits  the  accumulation  of  fluid  pressure.  Its  transfer  function  relates  the  size  change  of 
the  volume  source,  AV,  the  volumetric  flow  in,  Qj,  and  the  volumetric  flow  out,  Qg,  to  the 
pressure  in  the  chamber,  pc.  The  governing  equation  for  the  element  may  be  obtained  by 
the  application  of  continuity  to  the  control  volume.  Integrating  over  the  control  volume 
surface  yields 

fV-AV  iv1 

pc  =  ( — — - +  —  j  •  (AV  +  Qi  -  Q0)  Pump  Chamber  Equation  (3.5) 

V  Kj  CSJ 

where  V0  is  the  volume  of  fluid  initially  contained  within  the  chamber  when  the  volume 
source  is  undeformed,  A^is  the  bulk  modulus  of  the  fluid,  and  Cs  is  the  hydraulic  capaci¬ 
tance  of  the  chamber  structure.  It  is  assumed  that  AV  <V Q.  The  premultiplying  term 
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relates  the  deformation  of  the  control  volume  to  the  chamber  pressure  and  constitutes  the 
effective  hydraulic  capacitance  of  the  chamber 

{V-AV  i\-i 

where  the  capacitance  contributions  of  the  chamber  structure  and  the  working  fluid  act  as 
springs  in  series.  It  can  be  seen  that,  as  the  size  of  the  volume  source  increases,  the  overall 
capacitance  of  the  component  decreases  as  fluid  leaves  the  chamber.  In  many  cases  where 
the  deformation  of  the  volume  source  is  very  small  compared  to  the  volume  of  fluid  ini¬ 
tially  in  the  chamber,  AV  «  V 0 ,  Cc  is  approximately  constant. 

When  considering  equation  (3.5)  it  must  be  remembered  that  the  chamber  pressure,  pc,  is 
implicit  in  AV!  For  example,  in  the  limiting  case  of  an  incompressible  fluid  and  a  rigid 
structure,  (3.5)  suggests  that  pc  is  unbounded,  when,  in  fact,  the  magnitude  of  AV  is  lim¬ 
ited  by  the  chamber  pressure.  The  result  is  that,  in  the  limiting  case,  pc  will  be  equal  to  the 
blocked  pressure  of  the  volume  source. 

Flow  Channel 

Flow  channels  are  the  fluid  pathways  connecting  the  other  components  together.  The 
canonical  channel  is  shown  in  Figure  3.4  along  with  its  transfer  function  relating  pressure 
difference  to  flow. 


Fluid  inertia  and 
viscous  resistance 


Figure  3.4  Canonical  channel 
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Much  of  the  modeling  of  fluid  behavior  occurs  in  the  flow  channel.  Unfortunately,  a  fun¬ 
damental  challenge  exists:  a  truly  accurate  model  of  MHST  fluid  behavior  requires  empir¬ 
ical  data,  but  such  data  can  only  be  obtained  though  the  design  and  fabrication  of  a 
prototype  which,  in  turn,  requires  a  system  model.  The  strategy  chosen  was  to  derive  a 
channel  model  that  would  capture  both  viscous  and  inertial  effects,  yet  be  as  simple  as 
possible  so  as  to  facilitate  correlation  with  experimental  data.  The  result  was  an  equation 
incorporating  lumped  viscous  and  inductance  terms.  Such  a  scheme  was  used  by  Zengerle 
and  Richter,  1994,  in  the  modeling  of  a  micropump,  where  good  agreement  with  experi¬ 
mental  data  was  obtained. 


If  steady  laminar  flow  in  a  circular  pipe  is  assumed,  under  the  arguments  previously  dis¬ 
cussed,  then  the  viscous  pressure  drop  is  given  by  the  Hagen-Poiseuille  law 


(A p\ 


128p/ 

A  ^ 

ndh 


(3.7) 


where  dh  and  l  are  the  hydraulic  diameter  and  length  of  the  channel,  respectively,  and  |i  is 
the  viscosity  of  the  fluid.  This  can  be  generalized  as 

(A P)visc  =  RQ  (3.8) 

where  R  is  defined  as  the  viscous  flow  resistance  of  the  channel.  Considering  Newton’s 
equation  for  inert  and  incompressible  fluids,  the  inertial  pressure  drop  across  the  channel 
is  of  the  form  [Zengerle  and  Richter,  1994] 

(A P\nen  =  QlfQ  (3-9) 


where  p  is  the  density  of  the  fluid,  Q  is  the  acceleration  of  the  fluid  slug  in  the  channel, 
and  If  is  the  inductance  of  the  channel  and  is  given  by 


(3.10) 


88 


MODELING 


where  A  and  /  are  the  cross-sectional  area  and  length  of  the  channel,  respectively.  Sum¬ 
ming  over  the  pressure  drops,  the  governing  equation  for  the  channel  becomes 

Ap  =  pIfQ  +  RQ  Canonical  Flow  Channel  Equation  (3.11) 

Insight  into  the  relative  magnitudes  of  these  terms  may  be  gained  by  considering  a  repre¬ 
sentative  channel  and  pump  system.  The  volumetric  flow  rate  of  the  pump  can  be  approxi¬ 
mated  by 

Q~Vdf  (3.12) 

where  Vd  is  the  expected  volume  displacement  (single-cycle)  of  the  device  and  /  is  the 
pumping  frequency.  Making  use  of  the  relations  in  Table  1.5,  the  trends  in  flow  regime 
versus  pump  scale  can  be  determined;  the  results  are  shown  in  Figure  3.5.  Here,  all  dimen- 


Scale  (m) 


Figure  3.5  Effects  of  scale  on  fluid  phenomena  where  pumping  frequency  varies  accord¬ 
ing  to  /  ~  .  The  representative  system  is  a  straight  tube  with  /  =  5  mm,  d  =  0.25  mm; 

fluid  is  water;  Vd  =  3.57e-l  1  m3.  D/m  represents  the  drag  force  on  a  flat  disc  of  arbitrary 
mass,  m,  with  d  =  0.25  mm  oriented  normal  to  the  flow  direction.  The  equations  used  to 
generate  the  curves  are  listed  in  Table  1 .5. 
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sions  are  scaled  equally  and  pumping  frequency  is  assumed  to  increase  according  to  equa¬ 
tion  (1.3).  The  equations  used  to  generate  the  curves  can  be  found  in  Table  1.5.  Most 
noticeable  in  the  plot  and  table  is  the  scale  invariance  of  the  inertial  pressure  drop,  which 
delineates  a  fundamental  limit  of  microhydraulic  systems.  It  suggests  that,  for  a  given 
MHST  design  with  some  maximum  operational  frequency,  the  same  inertial  pressure  dif¬ 
ferential  will  be  experienced  at  all  scales,  and  may  not  be  reduced  without  modifying  the 
design  (or  lowering  the  frequency  further  below  the  limit).  Also,  a  transition  from  inertial 
to  viscous  dominated  pressure  drops  is  seen  as  the  scale  is  miniaturized  below  -lO"4  m. 
The  transition,  combined  with  the  constant  inertial  contribution,  suggests  that  miniaturiza¬ 
tion  beyond  the  transition  point  will  eventually  lead  to  a  system  where  flow  is  entirely 
dominated  by  viscous  effects.  Two  conclusions  can  be  drawn:  (1)  both  viscous  and  inertial 
terms  must  be  included  in  the  formulation  of  the  flow  equations  if  a  consistent  and  versa¬ 
tile  model  is  to  be  obtained,  and  (2)  miniaturization  past  some  scale  will  result  in  behavior 
that  is  dominated  by  viscous  effects  rather  than  inertial. 

Active  Valve 

The  valves  are  the  means  by  which  the  flow  is  rectified.  Figure  3.6  shows  a  diagram  of  the 
canonical  component  and  its  transfer  function  which  relates  the  applied  force  and  pressure 
difference  to  the  flow.  Valves  are  typically  modeled  with  experimentally  obtained  quasis¬ 
tatic  pressure-flow  curves  and,  in  some  cases,  by  a  bode  plot  of  the  flow  gain  [Isacsson  et 
al.,  1994],  but  because  the  performance  of  the  MHST  depends  heavily  on  its  component 
dynamics,  valves  especially,  a  fully  dynamic  model  is  required.  Furthermore,  as  was  the 
case  for  the  channel  model,  the  use  of  experimental  data  is  precluded  in  the  initial  model 
formulation. 

We  begin  by  summing  the  forces  hypothesized  to  act  on  the  valve 

mvx  +  Dv(x)  +  Fs(x)  +  Fp(Ap)  +  Ff(Q)  +  Fv  =  0  Canonical  Valve  Equation  (3.13) 

where  mv  is  the  modal  mass  of  the  valve,  Dv  represents  the  drag  force  on  the  valve  due  to 
its  absolute  velocity  through  the  fluid,  Fp  is  the  force  on  the  valve  caused  by  the  surround- 


90 


MODELING 


Applied  Valve 
force  dynamics 


Figure  3.6  Canonical  valve 


ing  pressures,  Fj  is  the  force  resulting  from  the  momentum  transfer  from  the  impinging 
fluid,  and  Fv  is  the  externally  applied  actuation  force.  Contact  between  the  valve  and  valve 
seat  may  be  modeled  via  a  spring  force  function 


w  = 


kv(x-a)  x>y 

kv(x-a)  +  kseat(x-  y)  0<x<y 


(3.14) 


where  kv  is  the  stiffness  of  the  valve,  a  is  the  valve  travel  (the  distance  from  the  valve  disc 
to  the  seat  when  the  valve  is  in  its  rest  position),  and  kseat  is  the  estimated  stiffness  of  the 
valve  seat.  It  is  assumed  that  kseat »  ky.  Since  perfect  sealing  between  the  disc  and  seat  is 
impossible  because  of  material  and  manufacturing  imperfections,  the  parameter  y  repre¬ 
sents  the  gap  that  exists  when  the  valve  is  closed;  estimating  y  based  on  known  surface  fin¬ 
ish  or  fabrication  tolerances  provides  a  means  of  estimating  leakage.  The  spring  force 
function  is  illustrated  in  Figure  3.7 

In  most  cases  the  volume  of  fluid  contained  within  the  valve  element  is  small  compared  to 
that  within  the  flow  channels,  so  that  its  corresponding  inertia  may  be  neglected.  Valves 
do,  however,  contribute  significantly  to  the  viscous  resistance  encountered  by  the  fluid. 
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The  operating  frequency  of  the  system  is,  in  many  cases,  close  to  the  valve  resonance, 
meaning  that  the  response  time  of  the  valve  is  of  the  same  order  of  magnitude  as  the  pump 
period.  In  such  cases,  a  significant  percentage  of  the  flow  cycle  can  occur  while  the  valve 
is  transitioning  from  a  closed  to  an  open  position,  or  vice  versa.  The  viscous  resistance, 
then,  must  be  taken  to  be  a  function  of  the  valve  deflection,  and  the  equation  governing 
flow  through  the  valve  is  of  the  form 

(A p\  =  Rv{x)Q  (3.15) 

where  x  is  the  position  of  the  valve.  The  resistance  function,  Rv(x),  depends  greatly  on  the 
valve  geometry.  The  nature  of  the  valve  forcing  functions  appearing  in  (3.13)  depend 
entirely  on  the  valve  geometry  and  will  be  further  discussed  in  the  following  section. 

3.2.5  Prototype  System  Model 

This  section  deals  with  the  application  of  the  defined  canonical  component  models  to  the 
MHST  prototype  design  to  arrive  at  a  set  of  nonlinear  ordinary  differential  equations  that 
represent  the  integrated  system. 
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Figure  3.8  Drive  piston  assembly 


Volume  Source  (Piezoelectric  Drive  Assembly) 


The  volume  source  in  the  protoype  design  is  a  cylindrical  piezoelectric  element  bonded 
between  a  silicon  plate  and  flexible  membrane,  as  shown  in  Figure  3.8,  with  the  poling 
vector  parallel  to  the  longitudinal  axis.  Using  a  Rayleigh-Ritz  formulation  (first  exten- 
sional  mode  only)  the  piezoelectric  sensor  and  actuator  terms  are  found  to  be 


mP  = 
0  = 


PpAjJp 


g33  Ap 


E  A 
C'l'yA- 

l  -  —  E 

r  _  ApEn 


(3.16) 


V«>  =  -pcmph  =  i 


where  lp  and  Ap  are  the  length  and  cross-sectional  area  of  the  piezoelectric  cyclinder, 
respectively,  pp  is  the  active  material  density,  £33  is  a  piezoelectric  dielectric  constant,  c^3 
is  a  piezoelectric  stiffness  constant,  C33  is  a  piezoelectric  coupling  constant,  and  Apis  is  the 
area  of  the  piston.  The  mass  of  the  piston,  mpis ,  may  be  added  to  the  modal  mass  of  the 
piezoelectric  cylinder,  mp,  to  obtain  the  effective  mass  of  the  drive  mechamism 


+  m 


pis 


(3.17) 


Substituting  these  parameters  into  (3.3)  and  (3.4)  yields  the  equations  of  motion  for  the 
pump  subsystem  and  its  circuitry 
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My  +  bpy  +  kpy-©Vp  =  -pcApis  Pump  Actuator  Equation  (3.18) 

©y  +  CpVp  =  qp  Pump  Sensor  Equation  (3.19) 

where  y  is  the  deflection  of  the  element  (positive  upward)  and  is  related  to  the  change  in 
the  control  volume  by 

AF  =  Api,y  (3.20) 

One  percent  structural  damping  was  assumed  for  bp.  In  the  actuator  case  the  voltage  across 
the  element  is  dictated,  and  (3.19)  is  not  needed  for  simulation.  It  can  be  used,  however, 
for  post-simulation  analysis  of  the  electrical  power  flow  to  the  element. 

In  the  power  harvester,  voltage  is  a  free  variable  and  the  sensor  equation  is  required.  The 
nature  of  the  constituent  terms  depends  on  the  power  harvesting  circuit  used.  In  this  work, 
the  circuit  shown  in  Figure  2.7  was  modeled.  It  is  assumed  that  the  battery  voltage  is  posi¬ 
tive.  Due  to  the  nature  of  the  diode  bridge,  three  different  cases  must  be  considered  based 
on  the  relative  voltages  across  the  piezoelectric  element  and  the  battery  terminals.  The 
resulting  equations  are 


VI 

Qbatt  ~  Qp  ~  ® 

vp>vbatl 

*  _  „  _  Vp-Vbatt 

$ batt  $p 

(3.21) 

vp<-vbatt 

,  _.-Vp-V*an 

*ibatt  g 

where  Vbatt  is  the  battery  voltage,  qp  is  the  charge  on  the  piezoelectric,  qbatt  is  the  charge 
on  the  battery,  and  Rb  is  the  internal  resistance  of  the  battery.  For  simplicity  the  bias  volt¬ 
age  of  the  diodes  has  been  omitted.  The  sign  convention  chosen  in  (3.2)  is  such  that 
qp,  qbatt  >  0  denotes  current  into  the  piezoelectric  and  battery,  respectively.  In  the  first 
case  the  voltage  across  the  active  element  is  less  than  the  battery  voltage  and  the  diodes  do 
not  conduct.  In  the  second  case,  the  piezoelectric  voltage  is  greater  than  that  of  the  battery 
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and  charge  is  transferred  from  the  element  to  the  battery.  The  same  thing  occurs  in  the 
third  case,  where  the  current  follows  a  different  path  across  the  diode  bridge.  At  all  times 
during  operation,  the  current  into  the  battery  is  either  zero  or  positive. 

Pump  Chamber 

It  is  useful  to  derive  an  expression  for  the  maximum,  or  blocked,  pressure  of  the  pump. 
The  pump  chamber  equation  requires  no  modification  from  the  canonical  form.  Consider 
the  case  when  there  is  no  flow  into  or  out  of  the  pump  chamber,  and  the  volume  source  is 
statically  pushing  against  the  contained  fluid.  For  simplicity  we  assume  that  there  is  no  ini¬ 
tial  pump  displacement.  In  this  case  the  volume  of  fluid  in  the  chamber  is  constant  and  we 
can  neglect  the  AV  term  in  the  chamber  capacitance.  Integrating  the  remaining  expression 
with  respect  to  time  we  have 

Pc  =  Cc  (3.22) 

If  (3.18)  is  substituted  into  this  expression  by  making  use  of  the  compatibility  relation 
(3.20),  an  expression  for  the  maximum  pressure  of  the  pump,  pmax,  is  obtained 

(3.23) 

J 

Here,  the  effects  of  chamber  capacitance  and  hydraulic  amplification  on  achievable  pres¬ 
sure  are  visible  in  (3.23).  In  the  limiting  case  of  an  infinitely  stiff  structure  and  an  incom¬ 
pressible  fluid,  the  expression  reduces  to  the  blocked  stress  of  the  piezoelectric,  attenuated 
by  the  hydraulic  amplification  of  the  piston 

^P max) ideal  ~  ^ max  (3-24) 


Theoretical  Model 


95 


Valves 

To  quantify  the  pressure  forces  acting  on  the  valve,  the  pressure  distribution  surrounding  it 
was  lumped  into  discrete  zones  (Figure  3.9).  Sections  I  and  II  are  sections  of  the  channels 
where  the  flow  is  governed  by  (3.1 1).  The  zone  p}  may  be  either  the  low  or  high  pressure 
reservoir,  depending  on  which  valve  is  being  modeled;  p4  is  the  pressure  in  the  chamber, 
pc.  Using  this  formulation,  the  total  pressure  difference  from  reservoir  to  chamber  is 

A  Pu  =  ^Pn)  inert  +  ^PnXisc  +  ^P^Xisc  +  ^P^  inert  +  <A^34  W  {~325^ 


Flow 


? 

l 

n 

.2 

I 

Figure  3.9  Lumped  pressure  zones 


The  volume  of  fluid  between  zones  2  and  3  is  small  compared  to  the  other  channels,  and 
C N?23)inert  maY  he  neglected. 


Figure  3.10  Detail  of  valve  geometry  and  flow  velocity  distribution 


96 


MODELING 


The  viscous  flow  resistance  of  the  valve  is  derived  by  applying  the  Navier-Stokes  equa¬ 
tions  to  the  region  between  the  valve  disc  and  seat.  Referring  to  Figure  3.9,  fluid  moving 
in  the  direction  shown  must,  after  exiting  section  II,  flow  radially  outward  between  the 
valve  disc  and  seat  until  reaching  point  3.  Details  of  the  geometry,  the  coordinate  system 
used,  and  the  flow  velocity  distribution  are  shown  in  Figure  3.10. 

The  radial  component  of  the  Navier-Stokes  equation  in  polar  coordinates  (assuming  con¬ 
stant  density)  is 


(dur  dur 
[dt  r  dr 


dw. 


ue^ur  “e 
r  50  r  +l*z  dz  ) 


2  d“e  d2«r] 

r 2  30  dz2 


(3.26) 


The  equation  simplifies  greatly  if  a  steady  flow  approximation  is  made  by  setting  the  time 
derivative  equal  to  zero.  Additionally,  flow  in  the  0  and  z  directions  may  be  neglected 
because  of  symmetry.  Equation  (3.26)  then  reduces  to 


dur 
r  dr 


dp 

dr 


d2u 


(3.27) 


The  continuity  equation  in  polar  coordinates  is  given  by 


1 

-ur  + 
r  r 


=  0 


(3.28) 


Because  the  flow  is  radial  and  viscous  it  is  logical  to  guess  that  the  velocity  is  a  function  of 
r  and  z.  If  a  separable  function  u(r,  z)  =  R(r)Z(z)  is  introduced,  and  a  parabolic  velocity 
profile  is  assumed  that  satisfies  the  no  slip  conditions  at  the  vertical  boundaries 


(3.29) 
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then  substitution  of  (3.28)  and  (3.29)  into  (3.27)  yields  an  experssion  for  the  pressure  gra¬ 
dient.  Integrating  with  respect  to  r  we  obtain 


P(r.z)  =  2nc1ln(r)-p^-2^[i]2+[i]4j  +  >Pfe)  +  c2 


(3.30) 


where  'F(z),  ch  and  c2  are  unknown.  Because  x/2  «  1 ,  higher  powers  of  the  quantity  may 
safely  be  neglected.  Furthermore,  if  the  pressure  is  assumed  constant  across  z,  so  that 
p  =  p(r) ,  then  (3.30)  simplifies  to 

p(r)  =  2|iCjln(r)  +  c2  (3.31) 


Applying  the  pressure  boundary  conditions  at  points  2  and  3,  and  solving  for  cj  and  c2,  the 
pressure  distribution  is  obtained 


p(r)  =  p3  + 


(F2-F3)ln(r/r2> 

ln(rj/r2) 


ri<r<r2 


(3.32) 


and  the  velocity  profile  is 


u(r,z. )  = 


(P2-P3) 


2|Xrln(r1/r2) 


bHi]) 


(3.33) 


The  velocity  profile  may  be  integrated  over  x  to  obtain  the  volumetric  flow  rate 

3 

Q  ’  2Ur  i  U{r’Z)dz  =  6plnV2/''l')(P2'P5) 

-X/2 

Comparison  of  (3.34)  with  (3.15)  provides  the  viscous  flow  resistance  of  the  valve 

6pln(r2/r1) 


(3.34) 


Rv(x)  = 


KXJ 


(3.35) 


The  total  force  on  the  valve  disc  may  then  be  obtained  by  integrating  the  pressure  distribu¬ 
tion  on  the  disc  over  its  area 
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Fp(P2’  P3)  =  \  PldA  +  J  P(r)dA 


V  2  +  2in(r2/ri)JP3  (k21n(r2/r,)J^2 


(3.36) 


Pressures  p2  and  p3  can  be  calculated  during  system  simulation  by  utilizing  the  known 
states  pi  and/or  p4,  Q ,  Q ,  and  equation  (3.1 1).  Due  to  the  pressure-balanced  valve  design 
there  is  no  net  force  on  the  valve  resulting  solely  from  p3. 

The  fluidic  drag  acting  on  the  valve  is  the  most  difficult  force  to  model  because  the  nature 
of  the  local  fluid  behavior  is  unknown.  Luckily,  the  use  of  actuated  valves  reduces  the 
model’s  sensitivity  to  error.  What  follows  is  considered  to  be  the  best  possible  approxima¬ 
tion,  and  must  be  updated  with  experimental  data  when  possible.  Referring  to  Table  1.5, 
the  drag  force  on  the  valve  may  be  either  Stokes  (viscous)  or  pressure  (inertial)  dominated, 
depending  on  the  Reynolds  number.  Because  the  valve  may  traverse  a  wide  range  of 
velocities  through  a  single  cycle,  both  terms  are  retained,  ensuring  that  the  dominant  force 
(i.e.  the  force  that  limits  the  valve’s  performance)  is  present.  The  inertial  drag  force  is 
given  by 


D  inert  =  \pAvCd*2  (3.37) 

where  Cd  is  the  drag  coefficient  for  a  disc  perpendicular  to  the  flow  direction  (Q  ~  1.17), 
and  Av  is  the  area  of  the  disc.  The  corresponding  viscous  (Stokes)  drag  force  is 

Dvisc  =  (3-38) 

where  dv  is  the  diameter  of  the  disc.  The  total  approximated  drag  force  is  then 

Dv  =  D  inert +  DVisc  (3-39) 

where  it  can  be  seen  that,  because  (3.37)  is  a  function  of  the  square  of  the  velocity,  but 
(3.38)  is  linear,  for  x  «  1  the  viscous  term  will  dominate.  Likewise,  higher  velocities  (cor- 
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responding  to  higher  Reynolds  numbers)  will  cause  the  disc  to  experience  primarily  the 
inertial  term. 


Initial  simulations  showed,  however,  that  under  certain  conditions  lightly  damped,  high 
frequency  oscillations  were  observed  in  the  valve’s  time  history.  Although  the  oscillations, 
which  occurred  when  the  valve  was  open,  were  normally  of  small  amplitude  and  did  not 
affect  the  overall  system  behavior,  it  was  felt  that,  in  the  physical  system,  the  fluid  sur¬ 
rounding  the  valve  cap  would,  in  fact,  heavily  damp  the  oscillations  through  some  mecha¬ 
nism  not  captured  by  (3.39).  For  this  reason,  critical  damping  ( £  =  1)  was  added  to  the 
valve  by  augmenting  Dvisc. 


Referring  to  Figure  3.9  and  equation  (3.13),  the  momentum  transfer  force,  Fp  arises  when 
the  fluid  flows  around  the  comer  near  the  valve.  To  evaluate  the  force,  a  control  volume 
may  be  drawn  around  the  valve  disc  and  seat,  and  conservation  of  momentum  applied.  For 
the  case  when  the  flow  direction  in  section  II  is  antiparallel  to  the  valve  surface  normal 
(i.e.  fluid  is  flowing  down  section  II  toward  the  valve  cap),  the  fluid  impinges  against  the 
cap  and  the  resulting  force  (assuming  steady  flow  conditions)  is  given  by 


2 


(3.40) 


where  Au  is  the  cross-sectional  area  of  channel  section  II.  While  it  is  possible  to  include 
unsteady  flow  effects  in  this  formulation,  their  presence  gives  rise  to  numerically  sensitive 
acceleration  terms  which,  it  was  found,  led  to  errors  when  the  equations  were  integrated. 
Comparison  of  results  with  and  without  these  added  terms  showed  that  they  are  not 
required  and  may,  in  this  case,  be  neglected.  When  the  flow  in  section  II  is  parallel  to  the 
surface  normal  (i.e.  flowing  up  section  II  away  from  the  cap)  then  the  change  in  momen¬ 
tum  of  the  fluid  is  reacted  by  the  wall  to  the  left  of  the  valve,  and  the  valve  disc  does  not 
experience  a  significant  force.  Therefore,  the  total  momentum  force  can  be  written  as 
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l  *11  ’ 

0, 


antiparallel  flow 
parallel  flow 


(3.41) 


Flow  Channels 

Equation  (3.25)  can  be  used  to  derive  the  governing  equations  for  the  inlet  and  outlet  chan¬ 
nels.  Making  multiple  substitutions  of  equation  (3.11)  into  this  expression,  we  obtain  an 
expression  for  the  total  pressure  drop  across  the  channel 


A p  =  pIfQ  +  RQ 

where  the  channel  inductance  is  now 


(3.42) 


(3.43) 


and  where  (-)j  and  (-)jj  refer  to  the  channel  sections  described  Figure  3.9,  and  R  is  the  total 
viscous  resistance  of  the  channel 


R  —  R/  +  Rjj  +  Rv(x) 


(3.44) 


Integrated  System  Model 

The  above  component  equations  can  be  assembled,  using  compatibility  and  equilibrium 
relations,  to  create  a  model  of  the  prototype  MHST,  represented  in  Figure  3.11.  For  com¬ 
pleteness,  the  equations  comprising  the  system  model  are  summarized  below: 

Pump  Chamber  Continuity: 

(V0-AV  n-i 

M-y*c;J  <AV+e.-^ 

AV  =  V  y 


Drive  Piston  Dynamics: 
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My  +  by  +  ky-QV  =  -pcA 


c  pis 


PpAplp 
m  =  — - — — - 
P  3 


k„  = 


cE  A 
c33/ip 

l 


©  = 


e33  Ap 


c„  = 


^p£33 


M  =  mp  +  mpis 


Inlet  (i)  and  Outlet  (o)  Valve  Dynamics: 


mixi  +  Dv(x;)  +  Fs(x{)  +  Fp(APi)  +  F f{Qt)  +  Fv.  =  0 
™0*o  +  Dv(*o)  +  Fs(xo)  +  FP(APo)  +  F f(Qo)  +  Fv0  =  0 

Dv  =  ip  AvCdx2  +  8  \idvx 


kv(x-a)  x>y 

kv(x-a)  +  kseat(x-y)  0<x<y 


TCr*  + 


(r?-r%)n\  f(rf-r$)K\ 
21n(r2/r1)J/?3  V21n  {r2/rl)JPz 


0, 


antiparallel  flow 
parallel  flow 


Inlet  (i)  and  Outlet  (o)  Channel  Dynamics: 


Plpr-Pc  =  (P  IfQi  +  RiQi) 
Pc-Phpr  =  (p  IfQo+R0Q0) 
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p  .RlRlRfr)_  m»ll  ,  .  6^ln  (r2/r0 

Ki,  O  -  KI  +  KII  +  KVi  W  -  - 4—  +  - 4 -  +  - o - 

tt/77  it//4  KX? 

Rectification  Circuit  ( power  harvester  only): 


ndl 


Kdl 


l ,  0 


The  actuator  model  has  9  states  and  the  power  harvester  has  10.  The  block  diagrams  used 
to  implement  the  equations  in  Simulink  are  included  in  Appendix  B. 
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Figure  3.11  Integrated  system  model 


3.3  Finite  Element  Analysis 

Finite  element  models  of  the  MHST  subsystems  were  created  and  analyzed  to  augment  the 
theoretical  model.  The  specific  objectives  of  the  analysis  were: 

•  Subsystem  design 
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•  Investigation  of  static  and  modal  responses  (structural  and  acoustic) 

•  Stress  analysis 

•  Provide  numerical  values  for  model  parameters 

Prototype  geometries  for  the  drive  and  valve  subsystems  were  analyzed  to  determine  cru¬ 
cial  design  parameters,  and  eventually  to  optimize  the  designs  with  respect  to  the  perfor¬ 
mance  metrics.  Optimization  was  concurrent  with  an  investigation  of  the  modal  responses 
of  the  component  structures  and  the  acoustic  modes  in  the  fluid  chambers.  Stress  analyses 
were  performed  on  all  relevant  structural  members  to  ensure  design  feasibility.  After 
design  finalization,  numerical  values  were  obtained  for  the  unknown  model  parameters 
(e.g.  chamber  elasticity,  valve  stiffness  and  modal  mass,  and  valve  actuation  force)  and  fed 
into  the  integrated  system  simulation. 

2-D  axisymmetric  finite  element  models  for  the  drive  and  valve  subsystems  were  created 
and  analyzed  using  the  ANSYS2  analysis  package.  The  mesh  used  for  the  valve  is  shown 
in  Figure  3. 12.  To  model  the  pump  subsystem  a  similar  mesh  is  used,  with  the  only  differ¬ 
ence  being  the  absence  of  the  valve  diaphragm  and  cap  structures.  The  model  employed  4- 
node  coupled-field  solid  plane  elements  for  the  active  element,  4-node  structural  solid 
plane  elements  for  the  chamber  and  piston  structures,  4-node  acoustic  fluid  elements  for 
the  enclosed  fluid,  and  2-node  axisymmetric  structural  shell  elements  for  the  diaphragms. 
The  code  (batch  files)  used  to  create  and  analyze  the  mesh  is  included  in  Appendix  D  of 
this  report.  Four  batch  files  were  used:  (1)  valve  (and  drive  piston)  geometry  and  mesh 
definition  code,  (2)  static  analysis  code,  (3)  pump  diaphragm  substructure  geometry  and 
mesh  definition  and  analysis  code,  and  (4)  valve  diaphragm  substructure  geometry  and 
mesh  definition  and  analysis  code. 

Since  the  critical  stress  regions  for  the  design  are  the  diaphragms  and  their  tether  points,  it 
is  desirable  to  model  them  using  plane  elements  through  the  thickness  so  that  data  may  be 
obtained  indicating  the  stresses  in  the  members  and  at  the  comer  stress  concentrations. 

2.  ANSYS  version  5.3,  Swanson  Analysis  Systems,  Inc.,  P.O.  Box  65,  Johnson  Road,  Houston,  PA  15342- 
0065 
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Figure  3.12  Finite  element  model  of  valve  (axisymmetric) 


However,  the  high  aspect  ratios  of  these  components  makes  them  difficult  to  mesh  without 
generating  an  enormous  number  of  DOFs,  resulting  in  analyses  that  are  time  consuming 
and,  in  some  cases,  impossible  (given  computer  memory  limitations).  Axisymmetric  shell 
elements  exist  in  ANSYS  that  can  be  used  to  model  the  diaphragms  more  accurately  and 
with  fewer  degrees  of  freedom,  but  they  are  incapable  of  predicting  stress  concentrations. 


The  solution  used  in  this  work  was  to  create  a  substructured  model,  wherein  a  mesh  was 
created  of  the  full  valve  structure  using  shell  elements  for  the  diaphragms.  In  addition, 
separate  submodels  of  only  the  diaphragms  and  their  attachment  regions  were  constructed 
using  plane  elements.  The  full  model  sufficed  for  modal  analyses.  For  static  stress  analy¬ 
ses,  the  full  model  was  first  employed  to  obtain  nodal  solutions.  This  data,  specifically,  the 
translations  of  the  nodes  of  the  elements  adjoining  the  diaphragm  shells  and  the  hydro¬ 
static  chamber  pressure,  were  then  imported  to  the  submodels  and  applied  as  DOF  con¬ 
straints.  Detailed  stress  concentration  results  are  thus  obtainable  while  maintaining  model 
efficiency. 
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A.  Pump  diaphragm  substructure 


B.  Valve  diaphragm  substructure 


Figure  3.13  Substructures  used  for  stress  analysis.  Key  nodes  are  highlighted. 

Creation  of  the  full  model  in  this  manner  involved  the  formulation  of  additional  constraint 
equations  because  each  node  of  the  shell  elements  had  2-D  translation  and  rotation  DOFs, 
while  the  plane  elements  of  the  adjoining  structure  had  only  translation.  By  extending  the 
shell  elements  into  the  structure,  and  coupling  the  rotational  degrees  of  freedom  of  adja¬ 
cent  shell  nodes  together,  the  variables  were  eliminated  and  the  diaphragms  became  effec¬ 
tively  cantilevered. 

Geometric  consistency  was  maintained  between  full-  and  submodels  by  meshing  them 
such  that  the  nodes  of  the  elements  coupled  to  the  shells  in  the  full  model  corresponded 
geometrically  to  key  nodes  of  the  submodels.  The  constraints  were  applied  at  these  nodes, 
with  the  intermediate  nodes  subject  to  a  linear  interpolation. 
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Numerical  experiments  using  the  finite  element  model  provided  values  for  those  model 
parameters  that  are  difficult  to  estimate.  They  are  are 

1 .  structural  pump  chamber  capacitance,  Cs 

2.  valve  stiffness,  kv 

3.  valve  modal  mass,  mv 

4.  effective  area  of  valve  diaphragm,  Ae^ 

The  pump  chamber  capacitance  was  computed  by  applying  a  voltage  to  the  piezoelectric 
element  in  the  pump  model,  with  fluid  contained  within  the  closed  chamber,  and  measur¬ 
ing  the  resulting  pressure,  pc.  Since  there  is  no  flow  ((?,•  =  Q0  =  0),  and  the  volume  of  fluid 
in  the  chamber,  VQ,  is  known  from  the  geometry,  then  equations  (3.5,  3.18,  3.20)  can  be 
used  to  solve  for  Cs: 


(APis®v p  -  Ali*P  _  M"1 
V  kpPc  K  f) 


(3.45) 


The  effective  valve  stiffness,  k^  can  be  computed  either  directly  or  indirectly  from  the 
valve  model;  both  were  performed  to  check  consistency.  To  calculate  kv  directly,  an  exter¬ 
nal  force  was  applied  to  the  valve  by  applying  a  pressure  to  the  nodes  comprising  the  sur¬ 
face  of  the  valve  cap  and  measuring  the  resulting  deflection.  To  calculate  kv  indirectly  the 
free  stroke  and  blocked  force  of  the  valve  were  used.  The  free  stroke,  x^n  was  computed  by 
applying  a  voltage  across  the  piezoelectric  and  observing  the  deflection.  The  blocked 
force,  Ffo,  was  obtained  using  a  similar  procedure:  the  vertical  displacement  of  the  valve 
cap  was  contained  to  zero,  and  the  reaction  force  on  the  cap  was  measured.  The  stiffness 
of  the  valve  was  then  derived  using  the  relation 


k 


V 


Fb 

Xfr 


(3.46) 


The  modal  mass  of  the  valve,  m r  was  obtained  by  comparing  /„,  the  frequency  at  which 
the  first  vibration  mode  occured  (using  an  eigenvalue  solution),  with  the  valve  stiffness,  kv 
The  mass  is  then  given  by 
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m 


V 


K 

(27t  fn)2 


(3.47) 


The  effective  area  of  the  diaphragm,  Aeg,  was  calculated  by  applying  a  pressure,  p,  to  the 
fluid  in  the  valve  hydraulic  chamber,  with  the  valve  cap  blocked,  and  measuring  the  reac¬ 
tion  force,  Fy,  on  the  valve  vap.  Since  the  total  reaction  force  is  the  sum  of  the  forces  act¬ 
ing  on  the  cross-sectional  area  of  the  valve  stem  (the  short  cylinder  between  the  cap  and 
the  diaphragm,  see  Figure  2.6)  and  the  effective  area  of  the  diaphragm,  Aejp  was  computed 
as 


A 


eff  ~ 


F_b 

P 


stem 


(3.48) 


Although  the  numerical  characteristics  of  the  1  cm  and  1  mm  prototype  mechanism 
designs  are  discussed  in  Chapters  4  and  5  of  this  report,  the  values  that  were  obtained 
using  the  preceeding  methods  are  listed  below 


TABLE  3.2  Model  parameter  values  obtained  from  finite  element  analysis. 


System  scale  (X) 

Cs  (Pa/m3) 

kv  (N/m) 

mv  (g) 

Aefr(mm2) 

Mesoscale  (1) 

7.09el7 

2727 

1.26e-4 

0.25 

Microscale  (0.1) 

7.09e20 

272.2 

1.26e-7 

0.0025 

3.4  Summary 

This  chapter  presented  the  derivation  of  generalized  fluidic  component  models,  then 
showed  the  application  of  these  models  to  the  prototype  design  to  arrive  at  an  integrated 
system  model.  The  first  section  of  the  chapter  discussed  the  requirements  of  the  model  and 
the  issues  involved,  especially  the  dependence  of  fluid  behavior  on  system  scale.  The  rele¬ 
vant  assumptions  were  then  set  forth,  from  which  canonical  fluidic  component  models 
were  derived  which  highlighted  the  relations  of  important  design  parameters  such  as 
chamber  capacitance,  fluid  inertia,  flow  resistance,  and  so  forth.  The  canonical  models 
were  then  applied  to  the  design  to  arrive  at  a  set  of  equations  that  fully  describe  the 
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dynamic  behavior  of  the  MHST.  Finally,  the  creation  of  a  finite  element  model  for  the  pur¬ 
poses  of  design  optimization  and  augmentation  of  the  theoretical  model  was  detailed. 


Chapter  4 

OPTIMIZATION  AND  ANALYSIS 


4.1  Introduction 

MHSTs  are  extremely  nonlinear  systems  capable  of  complex  fluid-structure  dynamic  cou¬ 
pling.  For  this  reason  the  performance  of  a  given  design  is  difficult  to  determine  without 
numerical  simulation  of  the  entire  system  model.  Such  simulations  are  computationally 
intensive  and,  in  some  cases,  provide  results  that  are  of  limited  usefulness  without  a 
deeper  understanding  of  the  fundamentals  involved.  For  these  reasons  the  design  of  the 
constituent  components  is  difficult.  The  goal  of  this  chapter  is  to  present  methods,  both 
static  and  dynamic,  whereby  the  behavior  of  the  system  can  be  understood  and  evaluated, 
and  to  apply  these  methods  with  the  intent  of  optimizing  the  design  described  in  Chapter 
2.  The  objectives  of  this  chapter  are: 

•  Definition  of  a  canonical  hydraulic  coupler  to  identify  the  important  parame¬ 
ter  involved  and  illustrate  their  associated  trends 

•  Introduction  of  Mechanical  Efficiency  as  a  static  analysis  and  design  tool 

•  Optimization  of  the  chosen  design 

•  Derivation  of  the  equations  of  motion  for  time  intervals  where  the  system 
behavior  is  nearly  linear  in  order  to  predict  dominant  frequencies 

•  Presentation  of  the  equations  necessary  for  energy  tracking  with  respect  to 
the  simulation  results 

•  Definition  of  the  energy-based  metrics  that  will  be  used  to  evaluate  perfor¬ 
mance  during  the  subsequent  parameter  study 
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The  first  steps  in  component  design  optimization  is  the  identification  of  important  parame¬ 
ters  and  the  definition  of  suitable  performance  functions  based  on  these  variables.  Insight 
into  the  procedure  is  sometimes  gained  if  a  representative  section  is  introduced  that  per¬ 
mits  a  more  straightforward  analysis  yet  captures  the  essential  behavior  of  the  actual 
device.  The  principle  function  of  the  fluid  and  structural  elements  in  the  MHST  is  to  cou¬ 
ple  the  piezoelectric  elements  to  their  respective  loads.  For  example,  the  fluid  and  cham¬ 
ber  comprising  the  valve  hydraulics  couple  the  piezoelectric  element  to  the  valve  cap  and 
diaphragm.  The  representative  section  is  therefore  a  hydraulic  coupler  that  uses  a  working 
fluid  to  connect  a  piezoelectric  actuator  to  its  mechanical  load.  The  first  section  of  this 
chapter  deals  with  the  definition  and  analysis  of  a  generalized  hydraulic  coupler,  identifi¬ 
cation  of  the  key  parameters,  and  evaluation  based  on  mechanical  coupling  efficiency. 
Trends  are  shown  relating  the  mechanical  efficiency  of  the  device  to  nondimensional 
parameters  describing  the  relative  physical  parameters  of  the  actuator-coupler  mechanism. 

It  is  shown  that  the  performance  of  the  coupler  is  highly  dependent  on  its  structural  elas¬ 
ticity. 

The  middle  section  of  the  chapter  deals  with  the  optimization  of  the  valve  geometry  (the 
drive  piston  geometry  is  identical).  Several  potential  designs  are  introduced  and  a  final  is 
chosen  for  the  prototype.  The  performance  of  the  pump  is  then  examined  from  a  static 
standpoint  by  comparing  the  maximum  achievable  pressure  to  the  ideal. 

The  latter  part  of  the  chapter  presents  tools  with  which  the  integrated  system  can  be  ana¬ 
lyzed  from  a  dynamic  standpoint.  A  derivation  of  the  governing  state-space  equations  dur¬ 
ing  time  intervals  when  the  system  behaves  linearly  is  performed,  permitting  calculation 
of  the  dominant  system  resonances.  A  discussion  of  energy  tracking  in  MHSTs  follows, 
along  with  equations  quantifying  the  input,  output,  dissipated,  and  stored  energies  in  the 
devices.  The  primary  performance  metrics,  namely,  power  density  and  efficiency,  are  then 
defined  in  terms  of  the  energy  equations. 
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4.2  Geometry  Optimization 

4.2.1  Canonical  Hydraulic  Coupler 

The  generic  hydraulic  coupler,  illustrated  in  Figure  4.1,  consists  of  two  rigid  pistons,  an 
elastic  tube,  and  a  contained  compressible  working  fluid.  The  tube  has  an  inner  radius,  r,  a 
wall  thickness,  tw  a  length,  L,  a  density,  pt,  and  a  modulus  of  elasticity,  Et.  The  contained 
fluid  column  has  a  density,  pp  and  bulk  modulus,  Kp  We  define  the  active  material  element 
to  be  a  cylinder  with  a  length,  Z,  a  density,  pact,  and  a  radius  that  is  equal  to  the  inner  radius 
of  the  tube.  For  simplicity  no  hydraulic  amplification  is  present  and  the  pistons  are  of 
equal  area. 


Hydraulic  fluid 


N 7 


Figure  4.1  Canonical  hydraulic  coupler 


The  device  has  two  generalized  displacements,  tij  and  n2,  and  two  corresponding  general¬ 
ized  forces,  Nj  and  N2.  The  forces  and  displacements  in  the  coupler  are  related  by 


N  = 

= 

^li 

^12 

n, 

n2 

_^21 

k22 

«2 

(4.1) 


The  coupler  is  connected  to  the  load  at  DOF  1,  and  the  piezoeletric  actuator  is  connected 
to  the  coupler  at  DOF  2.  The  piezoelectric  actuator  characteristics  are  given  by 


Nact  =  kactnac,  +  Nb 


(4.2) 
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where  Nact  is  the  force  on  the  actuator,  kact  is  the  stiffness  of  the  actuator,  nact  is  the  actua¬ 
tor  displacement,  and  Nb  is  the  blocked  force  capability  of  the  actuator.  By  compatibility 
and  equilibrium 


nact  =  n2 
"act  =  ~N2 

Actuation  Energy 

The  actuation  energy  of  the  actuator-coupler  mechanism  is  defined  as 

Nact  =  \^x)b-{nx)fr 


(4.3) 


(4.4) 


where  (Nj)b  and  (nj)^.  are  the  blocked  force  and  free  deflection  capabilities  of  the  mecha¬ 
nism,  respectively.  Use  of  actuation  energy  as  a  valve  performance  metric  provides  a  con¬ 
venient  means  to  favor  those  designs  possessing  both  large  valve  deflections  and  high 
actuation  authority. 


Mechanical  Efficiency 

The  effectiveness  of  the  coupler  depends  on  the  stiffness  of  the  tube  structure  and  the  com¬ 
pressibility  of  the  working  fluid.  Any  compliance  that  exists  in  the  system  will  absorb 
energy  during  actuation  and  reduce  the  force  at  the  output.  In  1997  Prechtl  and  Hall  pre¬ 
sented  a  method  for  evaluating  actuator-load  couplers  by  defining  the  mechanical  coupling 
efficiency  of  the  mechanism  as 


^mech  ~ 


*?2  kact 


*11  +  *22^  “  *12 (*acf  +  *22) 

where  kact  is  the  stiffness  of  the  piezoelectric  actuator  and  is  given  by 

EA 


k„„t  = 

act 


'act 


(4.5) 


/ 


(4.6) 
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The  quantity  represents  the  ratio  of  actuation  energy  output  to  the  work  supplied  by  the 
actuator.  If  mass  conservation  is  applied  to  the  coupler  control  volume  using  the  same 
assumptions  stipulated  for  the  pump  chamber  in  Chapter  3,  an  expression  for  the  force  at 
the  output  is  obtained 

N  =  fir + r)~'  (A2">  ~  a2"2)  (4-7) 

f  s 


where  A  is  the  cross-sectional  area  of  the  tube  bore  and  the  actuator.  The  pistons  are  of 
equal  area  so  the  force,  N,  is  the  same  at  both.  An  expression  for  the  structural  tube  capac¬ 
itance,  Cs,  can  be  obtained  by  considering  the  hoop  stress  in  the  shell 


2nLr3 


(4.8) 


The  stiffness  terms  for  the  coupler  (tube  and  fluid)  are  obtained  by  comparing  (4.7)  with 
(4.1) 


*11  “  *22  “ 
*12  =  *21  = 


(4.9) 


where  Ca  is  the  total  capacitance  of  the  system  corresponding  to  the  premultiplying  term 
in  (4.7).  Recognizing  that  the  actuator  and  coupler  constitute  springs  in  series,  we  can 
write  the  equivalent  stiffness  of  the  coupler-actuator  mechanism,  kejp  as 


k\\kact 
*11  +*ac( 


Eact  +  AlCa 


(4.10) 


Inserting  (4.9)  into  (4.5)  the  mechanical  efficiency  becomes 


"H mech 


1 


+  1 

*11 


(4.11) 
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where  it  can  be  seen  that  the  mechanical  efficiency  can  be  made  arbitrarily  close  to  unity 
by  making  the  coupler  arbitrarily  stiff.  Expanding  (4.1 1)  in  terms  of  the  design  variables 
we  obtain 


(4.12) 


If  we  define  the  following  non-dimensional  parameters 


l*  =  - 


*  r 
r*  =  — 

L. 


p 

_  ‘"act 

e*  =  - 


p 

fr*  _  act 

Kf 


(4-13) 


then  (4.12)  may  be  recast  as 


^tnech  =  U*(k*  +  2e*r*)+l]-' 


(4.14) 


Figure  4.2  shows  the  dependence  of  mechanical  efficiency  on  the  design  parameters.  It  can 
be  seen  in  plot  (a)  that,  for  cases  when  the  actuator,  structure,  and  fluid  are  of  comparable 
stiffness,  it  is  impossible  to  achieve  a  reasonable  efficiency  using  a  thin-walled  tube  unless 
the  coupler  is  extremely  short.  However,  as  r*  becomes  small  (corresponding  to  the  case 
of  a  fluid  channel  embedded  in  a  rigid  solid  medium)  the  requirements  on  /*  become 
somewhat  relaxed.  Additionally,  plot  (b)  indicates  the  need  for  extremely  stiff  coupler 
materials  to  achieve  high  efficiencies,  even  when  the  geometry  aspect  ratios  approach 
unity. 


Further  insight  may  be  gained  by  looking  at  the  effects  that  different  materials  have  on  the 
mechanical  efficiency  of  a  hypothetical  coupler  design.  Consider  a  cylindrical  piezoelec¬ 
tric  actuator  with  a  diameter  and  length  of  1  cm,  and  a  coupler  tube  with  a  length  of  1  cm, 
an  inner  diameter  of  1  cm,  and  a  wall  thickness  of  1  mm.  Table  4. 1  shows  the  mechanical 
efficiencies  of  the  hypothetical  design  using  different  engineering  materials  and  liquids.  It 
is  clear  that  the  mechanism  has  an  inherently  low  efficiency,  a  result  of  the  high  stiffness 
of  the  piezoelectric  actuator. 


Geometry  Optimization 


115 


t)  vs.  dimensions  (k*=1,  e*=1)  tl  vs.  material  properties  (l*=1,  r*=1) 


Figure  4.2  Mechanical  efficiency  versus  the  geometric  parameters  l*  and  r*  and  the  material  parameters  e* 
and  k*.  Plot  (a)  varies  l*  and  r*  while  keeping  the  material  parameters  arbitrarily  fixed  at  e*  =  k*=  1.  Plot 
(b)  varies  e*  and  k*  while  keeping  the  geometric  parameters  arbitrarily  fixed  at  l*=  r*=  1. 


TABLE  4.1  Mechanical  efficiencies  of  hypothetical  coupler  using  various  materials  (%). 


Liquid 

T\ibe  material 

A1 

Stainless  steel 

Si 

SiC 

h2o 

1.4 

1.7 

1.7 

1.8 

Hg 

4.5 

8.6 

8.6 

13.6 

Although  no  dynamic  effects  were  considered  in  their  formulation,  the  actuation  energy 
and  coupling  efficiency  of  a  hydraulic  component  are  effective  tools  for  initial  MHST 
design  optimization.  High  bandwidth  microhydraulic  systems  possess  an  inherent  design 
conflict:  in  cases  where  component  actuation  occurs  through  elastic  deformation  of  a 
structural  member  it  is  desirable  to  make  the  member  very  compliant,  thereby  maximizing 
the  deflection,  but  minimum  bandwidth  specifications  place  a  lower  bound  on  structural 
stiffnesses.  The  insight  gained  from  the  analysis  of  the  canonical  coupler  is  useful  when 
evaluating  the  valve  mechanism  as  a  hydraulic  coupler  between  the  active  valve  element 
and  the  fluidic  load  it  acts  against.  In  this  instance,  the  valve  superstructure  acts  as  a  spring 
in  parallel  with  the  active  element  and  restricts  the  piezoelectric’s  deflection.  If  the  coupler 
is  made  completely  rigid  a  perfect  efficiency  is  possible,  but  this  would  prevent  motion  at 
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the  output  (the  valve  cap)  and  U  would  be  zero.  Likewise,  a  flexible  superstructure  would 
permit  large  output  deflections  but  possess  very  little  closing  force,  resulting  in  a  poor  effi¬ 
ciency.  Prechtl  and  Hall  show  that  ah  optimum  coupling  efficiency  exists,  i]*mech ,  when 
there  is  a  mechanical  impedance  match  between  the  active  element  and  the  coupler;  this 
optimal  value  is  given  by  [Prechtl  and  Hall,  1997] 

r2 

*  *12 

^  mech  “  >-  =  (4.15) 

2-*,2  +  2//l  -k\2 

where 


*12 


(4.16) 


Although  design  restrictions  stemming  from  dynamic  effects  may  prohibit  attainment  of 
this  optimum,  the  use  of  Uact  and  r\mech  as  performance  metrics,  in  conjunction  with  other 
considerations,  constitutes  a  useful  design  methodology  for  MHST  valves. 


4.2.2  Prototype 

Valve 

The  objective  in  designing  MHST  valves  is  to  create  an  efficient  mechanism  capable  of 
large  deflections,  large  actuation  forces,  and  high  bandwidth.  Because  of  the  importance 
of  nonlinear  dynamic  effects,  ultimate  evaluation  of  any  valve  design  must  be  made  by 
considering  its  performance  in  the  system  simulation.  The  valve  design  procedure,  then,  is 
an  iterative  process  whereby  a  geometry  is  created  based  on  estimates  of  the  required 
parameters,  modeled  and  evaluated  using  finite  element  methods,  simulated  in  the  system 
model  to  assess  performance,  then  modified  for  improvement. 
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Performance  Optimization 

The  goal  for  the  prototype  was  to  design  a  valve,  based  on  the  size  and  geometry  described 
in  Chapter  2,  that  was  capable  of  at  least  20  jim  free  deflection  and  20  kHz  operation  (val¬ 
ues  arrived  at  through  estimation  and  intuition).  The  design  procedure  was  then  translated 
into  an  optimization  of  the  actuation  energy  and  mechanical  efficiency  subject  to  these 
constraints.  After  several  random  iterations,  six  potential  valve  designs  were  selected  for 
closer  study.  Table  4.2  summarizes  the  best  performance  of  each  design.  The  procedure 
used  to  identify  the  optimum  values  is  presented  below  using  Design  6,  the  one  selected, 
as  an  example. 


TABLE  4.2  Comparisons  of  six  considered  valve  designs3 


VALVE  DESIGN 

i 

2 

3 

4 

5 

6 

Variables 

diameter  -  outer 

8.0 

8.0 

4.0 

4.0 

8.0 

8.0 

mm 

diameter  -  piston  (db) 

5.7 

5.7 

2.8 

2.8 

5.7 

5.7 

mm 

height  -  hydraulic  chamber 

0.6 

0.6 

0.6 

0.6 

0.6 

1.1 

mm 

height  -  piezoelectric 

1.0 

0.5 

1.0 

0.5 

1.0 

1.0 

mm 

diameter  -  piezoelectric 

2.0 

2.0 

1.0 

1.0 

1.0 

1.0 

mm 

diameter  -  hydraulic  chamber 

6.0 

6.0 

3.0 

3.0 

6.0 

6.0 

mm 

diameter  -  valve  membrane  (dv) 

1.0 

1.0 

0.7 

0.7 

1.0 

1.0 

mm 

Structure 

Valve  mechanism  mass 

0.32 

0.28 

0.08 

0.07 

0.30 

0.36 

g 

Hydraulic  amplification 

38 

29 

25 

26 

48 

60 

First  resonance 

27 

27 

66 

66 

23 

27 

kHz 

Performance 

Applied  electric  field 

1.0 

1.0 

0.7 

1.0 

1.0 

0.8 

kV/mm 

Valve  deflection 

65 

20 

29 

18 

77 

78 

|im 

ykn 

38 

49 

12 

19 

12 

8 

^Actuation  energy  density,  Uact 

20 

2 

54 

26 

23 

23 

mJ/kg 

Mechanical  efficiency,  ^ech 

1.2 

0.3 

6.8 

4.0 

5.9 

10.6 

% 

a.  Design  6  selected  for  the  baseline  system 
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dv  I**— 


Figure  4.3  Primary  valve  design  dimensions 

The  valve  was  designed  with  prototype  fabrication  in  mind  and  many  of  the  initial  dimen¬ 
sions  were  arbitrarily  chosen  (see  Chapter  2).  Initial  FEM  analyses  indicated  that  the  valve 
performance  was  particularly  sensitive  to  two  dimensions:  the  piston  diameter,  db,  and  the 
valve  membrane  diameter,  dv,  shown  in  Figure  4.3.  Optimization  of  the  geometry  with 
respect  to  these  variables  was  performed  assuming  all  other  dimensions  were  fixed.  The 
results  are  shown  in  Figure  4.4.  When  dv  is  made  small,  the  clamped  boundary  conditions 
caused  by  the  adjoining  structures  restrict  its  deflection  and  the  resulting  actuation  energy 
is  reduced.  When  dv  is  made  large,  the  valve  deflection  is  again  small  because  the  ratio  of 
piston  to  diaphragm  areas  is  reduced  and  because  the  larger,  more  flexible  diaphragm 
deforms  outward  and  relieves  the  internal  pressure,  lowering  the  amplifier  stiffness. 
Figure  4.4  shows  that  an  optimal  value  of  dv  =  1  mm  exists  where  these  effects  are  bal¬ 
anced.  Similar  behavior  is  seen  when  db  is  varied.  A  small  db  means  that  the  flexible  pump 
diaphragm  is  large  and  relieves  the  hydraulic  pressure.  When  db  is  large  it  becomes 
clamped  near  the  diaphragm  tether  point  and  no  longer  moves  as  a  rigid  piston  when  actu¬ 
ated.  The  resulting  volume  displacement  is  smaller  resulting  in  a  smaller  valve  deflection. 
The  optimal  value  was  found  to  be  db  =  5.7  mm. 

FEM  Stress  Analysis 

The  design  of  the  hydraulic  amplification  valve  is  limited  by  the  maximum  stresses  allow¬ 
able  in  the  structure,  especially  the  membranes.  Single  crystal  Si  is  a  brittle  material  with  a 
fracture  strength  that  depends  on  its  orientation  and  surface  finish.  "Since  the  surface  flaw 
population  depends  on  the  micromachining  process,  it  is  important  to  obtain  strength  data 
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Figure  4.4  Dependence  of  valve  actuation  energy  density  on  the  design  parameters  dv  and  db. 


from  specimens  produced  by  the  relevant  fabrication  route"  [Spearing  and  Chen,  1997]. 
Unfortunately,  detailed  fabrication  data  is  not  available  at  this  stage  in  the  feasibility  study. 
The  most  important  missing  information  is  the  achievable  surface  finish  and  the  radii  of 
the  comers  at  the  diaphragm  tether  points,  where  the  stress  concentrations  are  expected  to 
be  greatest.  Since  the  purpose  of  this  feasibility  study  is  to  quantify  the  performance  of  a 
hypothetical  MHST,  estimates  of  the  Si  fracture  strength  were  made,  based  on  available 
data,  with  the  intent  of  approximating  the  performance  achievable  after  significant  micro¬ 
fabrication  research.  Spearing  and  Chen  found  that  chemically  polished  Si  exhibited  a  ref¬ 
erence  strength,  o0,  greater  than  4  GPa.  Based  on  material  strength  tests,  they  conclude 
that  "an  allowable  stress  of  1  GPa  is  a  conservative  value  for  structural  design  purposes," 
and  that  "achieving  adequate  fillet  radii  to  limit  stresses  to  this  level  is  a  key  fabrication 
task."  The  final  valve  design  experienced  a  maximum  principle  stress  of  crmax~0.8  GPa  in 
the  valve  diaphragm  during  full  actuation.  The  achievable  fillet  radii,  and  therefore  stress 
levels,  at  the  tether  points  is  unknown  at  this  time.  Determination  of  this  data  is  a  principal 
objective  of  prototype  fabrication  and  testing. 
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(a)  (b) 


Figure  4.5  First  structural  (a)  and  acoustic  (b)  modes  of  the  valve  mechanism.  The  deflection  of  the  piston 
in  (a)  is  so  small  compared  to  the  valve  disc  displacement  that  it  is  not  visible. 

A  modal  analysis  of  the  valve  was  performed  to  determine  the  shapes  and  frequencies  of 
the  relevant  modes.  Figure  4.5  shows  the  structural  and  acoustic  shape  of  the  first  mode. 
The  frequencies  of  the  first  four  are  listed  in  Table  4.3.  The  structure  was  designed  such 
that  the  first  mode  corresponded  to  movement  of  the  valve  cap,  and  not  the  radial  mode  of 
the  piston. 


TABLE  4.3  Frequencies  of  the  first  four  valve  modes. 

Mode:  12  3  4 

Frequency  (kHz):  23.4  68.6  151.0  198.1 


Pump  Chamber 

Since  the  displacement  amplifier  geometry  is  the  same  for  the  valve  as  for  the  drive  mech¬ 
anism,  the  components  differ  only  in  the  ceiling  structure.  The  pump  chamber  has  a  solid 
ceiling  and  is  therefore  stiffer  than  the  valve.  A  good  method  for  evaluating  the  effective¬ 
ness  of  the  chamber  is  to  compare  the  maximum  pressure  of  the  pump  with  the  ideal  pres¬ 
sure  resulting  from  an  infinitely  stiff  structure  and  fluid.  With  respect  to  equation  (3.23), 
the  stiffness  of  the  chamber  as  seen  by  the  piezoelectric  is 
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K  =  CAjis  (4  17) 

If  we  redefine  the  non-dimensional  parameter  e*  to  be  the  ratio  of  piezoelectric-to-cham- 
ber  stiffness 


then  (3.23)  can  be  recast  as 


..  (B/Ap<A 
V  e*  +  1  ) 


max 


( V  ) 

v  P'max 


(4.18) 


(4.19) 


Figure  4.6  below  plots  equation  (4.19)  versus  e*  for  the  prototype  design,  where  the  pres¬ 
sure  has  been  normalized  to  the  ideal  pressure  described  by  equation  (3.24),  repeated  here 
for  clarity 

OWW,  =  (4'20> 

™pis 

The  maximum  pressure  of  the  prototype  design  is  1.2  MPa  (44%  of  the  ideal  value  of  2.6 
MPa)  and  is  indicated  by  the  circle  on  the  plot. 


4.3  System  Analysis 

4.3.1  Linear  Approximation 

If  the  valve  response  times  are  significantly  fast  compared  to  the  drive  frequency  then  the 
system  is  nearly  linear  in  those  intervals  where  one  valve  is  completely  open  and  the  other 
is  completely  closed.  During  these  intervals  the  closed  valve  decouples  the  dynamics  of  its 
flow  channel  from  the  rest  of  the  system,  and  the  viscous  resistance  of  the  open  valve 
remains  constant.  The  result  is  a  scenario  where  the  drive  inertia  interacts  with  the  fluid 
inertia  though  the  hydraulic  capacitance  of  the  chamber.  This  condition  is  illustrated  in 
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^max  ^  ^max^ideal 


e* 

Figure  4.6  Maximum  pump  chamber  pressure  versus  the  ratio  of  piezoelectric-to-cham- 
ber  stiffnesses.  The  pressure  has  been  normalized  to  the  ideal  pressure  of  an  infinitely  stiff 
chamber  and  fluid.  The  maximum  pressure  of  the  prototype  design,  pmnr,  is  indicated  by 
the  circle. 

Figure  4.7,  along  with  an  equivalent  mechanical  system.  Referring  to  equations  (3.1 1)  and 
(3.18),  the  generalized  displacements  are  defined  as 

«l  -  y  (4.21) 

n2  =  fQdt 

where  tij  is  the  deflection  of  the  piezoelectric  element  and  n2  is  the  volumetric  displace¬ 
ment,  or  the  volume  of  fluid  that  has  flowed  from  the  chamber  into  the  channel  during  the 
interval.  The  hydraulic  amplification  caused  by  the  piston  is  modeled  as  a  pinned  lever  in 
the  mechanical  analogy,  where  the  ratio  of  the  moment  arms,  r2/rj ,  represents  the  ampli¬ 
fication  magnitude. 

The  natural  frequencies  of  the  system  may  be  calculated  by  deriving  the  linear  equations 
of  motion  for  the  system  during  the  interval,  placing  them  in  state-space  form,  and  solving 
for  the  eigenvalues  of  the  system  matrix.  To  illustrate,  the  state-space  equations  of  motion 
for  the  MHST  actuator  during  the  linear  interval  are  derived  below.  The  analysis  of  the 
power  harvester  is  identical  but  results  in  an  additional  equation,  corresponding  to  the  sen¬ 
sor  equation  (3.4),  because  the  piezoelectric  voltage  state  is  a  free  variable. 
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Figure  4.7  Equivalent  mechanical  system  during  linear  interval 


Consider  the  case  when,  during  actuator  operation,  the  inlet  valve  is  open  and  the  outlet 
valve  is  closed.  The  resistance  of  the  outlet  valve  can  be  derived  by  approximating  its  posi¬ 
tion  during  the  interval  as 

x~a  +  ^  (4.22) 

kXf 


where  Fv  is  the  opening  force  applied  to  the  valve  and  a  is  the  valve  stroke.  Equation 
(3.35)  can  then  be  used  to  calculate  R^,  and  the  total  resistance  seen  by  the  fluid  is  given 
by  (3.44). 

Qi  is  then  arbitrarily  set  equal  to  zero  in  (3.5)  to  enforce  the  closure  of  the  inlet  valve  {Q0 
may  just  as  easily  be  selected).  Recognizing  that  the  volume  of  fluid  in  the  system  during 
the  interval  is  now  a  constant,  and  that 
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V0  »  AV 


(4.23) 


(which  is  valid  for  those  designs  where  the  chamber  height  is  significantly  greater  that  the 
deflection  of  the  piezoelectric),  the  total  hydraulic  capacitance  of  the  chamber  also 
becomes  constant.  Integrating  equation  (3.5)  with  respect  to  time,  we  have 

Pc  =  Cc-(AV-Je„*)  (4.24) 


where  the  constant  hydraulic  capacitance  is 


(4.25) 


Substituting  (3.20)  and  (4.24)  into  (3.18)  and  (3.42)  to  eliminate  pc  and  AV  yields  the  lin¬ 
ear  equations  of  motion  for  the  system 


pIfQ„  +  KQ0  +  CcjQ0dt-CcApl,y  +  phpr  =  0  (4.26) 

Mji+(kp  +  CcAjis)y  -  ApilCe]Qcdt  -  0  Vp  =  0  (4.27) 


Using  the  generalized  displacements  defined  in  (4.21)  the  above  equations  can  be  put  into 
state-space  form, 
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(4.28) 


System  resonance  during  the  linear  interval  can  then  be  determined  by  numerically  solv¬ 
ing  for  the  eigenvalues  of  the  system  matrix.  The  first  mode  typically  corresponds  to  the 
interaction  of  the  fluid  inductance  with  the  chamber  compliance,  while  second  mode 
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describes  the  higher  frequency  oscillation  of  the  drive  structure.  Hereafter  in  this  report, 
the  natural  frequency  of  the  system,  fn,  will  refer  to  the  first  mode. 

4.3.2  Energy  Tracking 

Tracking  of  the  power  flow  through  the  system  during  operation  is  one  of  the  most  effec¬ 
tive  tools  for  understanding  its  behavior  and  provides  the  basis  for  performance  evalua¬ 
tion.  To  enable  complete  energy  tracking,  equations  are  needed  that  describe  the 
electromechanical  energy  conversion  in  the  piezoelectric,  the  potential  energy  stored  in 
the  system  elasticities,  the  kinetic  energy  stored  in  component  momentum,  the  energy  dis¬ 
sipated  due  to  viscous  forces,  and  the  hydraulic  and  electrical  energy  transfer  across  the 
system  boundaries.  If  only  steady-state  performance  over  many  pump  cycles  is  sought 
(e.g.  the  hydraulic  power  output  compared  to  the  electrical  power  input  for  the  actuator), 
then  the  total  transferred  and  dissipated  energies  will  most  likely  be  large  compared  to 
potential  and  kinetic  energies  stored  in  the  system  at  the  end  of  the  cycles,  and  the  latter 
need  not  be  considered.  However,  numerical  simulation  of  stiff  fluidic  systems  is  often 
computationally  expensive  and  permits  the  integration  of  only  a  few  pump  cycles.  In  this 
case,  and  during  investigation  of  dynamic  transients  during  start-up,  the  potential  energy 
of  the  system  may  be  large  and  must  be  included  in  the  simulation  analysis  to  verify  that 
the  model  is  thermodynamically  conservative.  The  equations  needed  to  adequately  track 
the  system  energies,  along  with  the  mathematical  definitions  of  the  energy  based  perfor¬ 
mance  metrics,  are  presented  below. 

Convention 

The  discussion  of  energy  tracking  is  greatly  simplified  if  a  notation  is  introduced  which  is 
capable  of  compactly  describing  the  exact  nature  of  the  energy.  The  convention  adopted  in 
this  work  is  as  follows 


Energy  =  (8)3  2 


(4.29) 
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The  quantity  in  brackets  is  either  energy,  U,  power,  P,  energy  density,  ED,  or  power  den¬ 
sity,  PD.  The  subscript  1  refers  to  the  energy  type,  2  to  the  energy  behavior,  and  3  to  the 
component  involved. 


TABLE  4.4  Sub-  and  superscripts  for  energy  notation 


(1)  Type 

(2)  Behavior 

(3)  Component 

m 

mechanical 

i 

into 

drive 

drive  mechanism 

€ 

electrical 

o 

out  of 

V 

valve 

k 

kinetic 

s 

stored 

p 

piezoelectric 

c 

elastic 

d 

dissipated 

f 

fluid 

ve 

valve  -  excursion 

hpr 

high  pressure  reservoir 

s 

chamber  structure 

sys 

total  system 

For  consistency  all  quantities  reflecting  the  energy  being  accumulated  in  the  system  are 
expressed  as  energies  at  some  instant  in  time,  while  the  quantities  expressing  rates  of 
energy  transferal  remain  in  their  natural  states  as  power.  For  all  cases  of  power  flow,  the 
total  energy  transferred  or  dissipated  over  a  time  interval,  t,  is  given  by 

t  +  x 

v  =  J  Pdf  (4.30) 

t 

Stored  Elastic  Energy 

The  high  pressures  experienced  by  MHST  systems  can  cause  significant  deformations  in 
the  device  components  and  store  elastic  energy  in  them.  The  equations  quantifying  the 
stored  elastic  energies  at  any  instant  in  time  during  the  simulation  are  listed  below. 


(4.31) 


K’s  =  \kvx2 


(4.32) 
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uc;s  =  5 csPi 


1 


(4.33) 


jc,s  _  i  f^o  a pi^y^) 
jf  -  2V  K~f  ) 


if;s  =  ±\'°  :;pisJ  \pi 


(4.34) 


UChpSr  =  \ChprPlpr 


(4.35) 


Electromechanical  Energy  Conversion 

An  expression  for  the  electrical  power  supplied  to  the  piezoelectric  element  can  be  derived 
using  the  sensor  and  actuator  equations.  If  (3.18)  and  (3.19)  are  differentiated  with  respect 
to  time  and  then  combined  to  eliminate  y ,  an  expression  for  the  current,  i,  is  obtained.  The 
electrical  power  input  to  the  element  is  given  by 


P  6,1  =  V  i 

p  p 


(4.36) 


Substituting  our  expression  for  i  into  this  relation  we  obtain  expression  for  the  electrical 
power  into  the  piezoelectric. 


(4.37) 


The  mechanical  power  output  from  the  piezoelectric  is  the  product  of  the  force  and  veloc¬ 
ity  of  the  piston. 


n  m<°  a 

P p  ~  P c^pisy 


(4.38) 


Eliminating  y  using  (3.18)  this  expression  becomes 


Pm’°  =  p  | 
p  "d 


(QApis.,  40 

kVp~kp' 


V 


(4.39) 
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Stored  Kinetic  Energy 

High  frequency  pump  operation  can  cause  high  flow  velocities,  resulting  in  large  momen- 
tums  for  the  fluid  slugs  in  the  channels.  The  kinetic  energy  stored  in  this  momentum,  as 
well  as  that  stored  in  the  motion  of  the  drive  and  the  valves,  is  quantified  below. 


(4.40) 

J7k’S  —  !  *>, 

(4.41) 

ni  s  If  /%2 

Uh.  =  2 

(4.42) 

The  subscripts  i  and  o  in  the  last  equation  indicate  that  it  may  be  applied  to  either  the  inlet 
or  outlet  channels. 

Dissipated  Energy 

The  flow  of  viscous  fluid  in  MHSTs  converts  mechanical  into  thermal  energy.  The  extrac¬ 
tion  of  mechanical  energy  from  the  system  manifests  itself  as  a  pressure  drop  across  the 
flow  channel,  while  the  conversion  to  thermal  energy  results  in  an  increase  in  the  tempera¬ 
ture  of  the  fluid  and  surrounding  medium.  For  most  practical  cases  the  conversion  is  irre¬ 
versible  and  the  energy  is  considered  lost.  This  viscous  energy  dissipation  is  the  primary 
energy  loss  mechanism  in  microhydraulic  systems. 

The  dominant  dissipation  sites  correspond  to  the  areas  where  the  largest  viscous  pressure 
drops  occur,  namely,  the  flow  channel  sections  and  the  valve  gap.  Equations  describing  the 
dissipation  in  these  regions  may  be  derived  by  performing  an  energy  balance  on  each  sec¬ 
tion.  The  result  is  that  the  mechanical  power  dissipated  in  any  flow  region  can  be 
expressed  as 

Pmd  =  QAp 


(4.43) 
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where  Q  is  the  flow  through  the  section,  and  A p  is  the  pressure  drop  across  it. 

Energy  is  also  expended  during  valve  actuation.  The  valve  structure  itself  is  entirely  con¬ 
servative.  The  piezoelectric  is,  from  an  electrical  standpoint,  a  capacitor  and  expends  no 
energy  when  stationary.  Dissipation  occurs,  however,  during  valve  excursion  because  of 
the  viscous  resistance  of  the  fluid  on  the  valve  cap  and  diaphragm.  While  this  energy 
expenditure  is  relatively  small  in  the  actuator  case  (compared  to  the  primary  power  flows) 
it  is  an  important  consideration  when  evaluating  the  power  harvester.  The  mechanical 
power  dissipated  during  the  valve  excursion  is  given  by 

P™’ed  =  Fv(t)x  '  (4.44) 


Although  this  relation  is  exact,  it  must  be  remembered  that  the  natures  of  the  motion- 
dependent  fluidic  forces  experienced  by  the  valve  are  largely  unknown.  Equation  (4.44)  is 
therefore  of  limited  usefulness  in  predicting  the  power  requirements  of  the  valve  until  the 
fluidic  forces  are  experimentally  characterized. 


Power  and  Energy  Density 

The  HPR  diaphragm  is  very  flexible  and  Stores  little  energy,  so  the  hydraulic  power  output 
from  the  mechanism  is  assumed  to  be  the  same  as  the  hydraulic  power  supplied  to  the 
HPR  and  is  expressed  as 


pm’°  —  pm’1 
*  sys  ~  *  hpr 


Qo  *  Phpr 


(4.45) 


The  mass-normalized  power  density,  or  specific  power,  of  the  actuator  is  then  defined  as 
the  hydraulic  power  transferred  to  the  HPR  divided  by  the  overall  system  mass 


pm,i 

PD  =  (4.46) 

Msys 


Power  density  for  the  power  harvester  is  defined  to  be  the  electrical  power  out  of  the 
piezoelectric  divided  by  the  system  mass 
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PD 


Msys 


(4.47) 


In  both  cases,  the  power  density  changes  greatly  throughout  a  single  pump  cycle  as  flow 
ranges  between  its  minimum  and  maximum  values.  For  evaluation  purposes  it  useful  to 
define  the  average  power  density 


PDan  = 


ft  +  nT 

r  pd(q^ 

Ji 


nT 


(4.48) 


where  n  is  an  integer  number  of  pump  cycles,  T  is  the  cycle  period,  and  £  is  a  dummy  vari¬ 
able  of  integration.  The  quantity  represents  the  average  rate  of  energy  transferal  during  the 
n  cycles.  Further  discussions  involving  PD  in  this  report  will  be  referring  to  this  definition. 

The  expressions  for  energy  density,  ED,  are  obtained  by  making  use  of  the  relation 
between  power  and  energy  expressed  in  (4.30). 

Efficiency 

Efficiency,  q,  is  defined  to  be  the  useful  energy  output  from  the  system  divided  by  the 
energy  input  to  it  over  some  time  interval.  For  the  actuator 


nacl  = 


r  jtn,  o 

—  u  sys 


u 


e,  i 
sys 


Efficiency  for  the  power  harvester  is  similarly  defined  to  be 


Ue’° 
n  -  -JI1 

11 ph  jjtn,  i 

^  sys 


(4.49) 


(4.50) 


4.4  Summary 

This  chapter  presented  the  tools  with  which  a  microhydraulic  system  can  be  analyzed, 
both  statically  and  dynamically.  The  first  section  dealt  with  the  definition  of  a  canonical 
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hydraulic  coupler  as  a  representative  section  for  the  valves.  Mechanical  efficiency  was 
then  introduced  as  a  static  analysis  and  design  tool  for  the  coupler.  The  valve  was  then 
optimized  with  respect  to  mechanical  efficiency  using  the  finite  element  model,  and  a  final 
design  was  chosen.  The  equations  of  motion  for  the  system  in  the  time  intervals  where  the 
behavior  is  nearly  linear  were  derived  and  cast  in  state-space  form  in  order  to  predict  dom¬ 
inant  frequencies.  The  equations  needed  for  energy  tracking  in  the  system  were  presented. 
Finally,  the  performance  metrics  of  average  power  density  and  efficiency  were  defined  in 
terms  of  the  energy  equations  to  evaluate  performance  during  the  subsequent  parameter 
study. 
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Chapter  5 

SIMULATION  RESULTS 


5.1  Introduction 

A  realistic  prediction  of  MHST  behavior  can  only  be  gained  by  numerically  integrating 
the  coupled  governing  equations  for  the  full  system.  Such  system  simulations  can  help  to 
predict  the  dynamic  effects  that  will  be  seen  during  operation  of  the  device,  and  shed 
insight  into  which  design  parameters  are  most  responsible  for  the  observed  behavior. 

A  better  understanding  of  the  dependance  of  system  performance  on  various  design  vari¬ 
ables  can  be  obtained  by  first  selecting  an  arbitrary  design,  then  perturbing  those  constitu¬ 
ent  parameters  that  are  suspected  to  have  the  greatest  discemable  influence  on  behavior. 
Evaluation  of  the  results  of  these  perturbations  often  provides  information  that  can  lead  to 
better  designs.  A  large  number  of  primary  parameters  (e  g.  geometric  dimensions  and 
material  properties)  are  required  to  fully  describe  a  MHST  design  and  many  of  them  affect 
multiple  secondary  characteristics  (e.g.  flow  resistance  and  inertia).  As  a  result,  it  is  not 
practical  to  study  variations  in  every  parameter.  However,  the  information  gained  in  previ¬ 
ous  chapters,  combined  with  data  from  initial  computer  simulations,  suggest  which 
parameters  should  be  targeted  for  closer  study. 

This  chapter  presents  the  results  of  the  integrated  system  simulations  and  a  parameter 
study  of  selected  design  variables.  It  begins  with  the  definition  of  a  basline  design,  then 
explains  the  behavior  observed  in  the  simulation  of  that  design.  A  parameter  study  is  then 
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performed  on  seleceted  design  variables  for  the  purposes  of  characterizing  changes  in 
response,  acknowledging  model  limitations,  and  deducing  what  modifications  will  lead  to 
an  effective  final  design.  The  objectives  of  this  chapter  are: 

•  Definition  of  a  baseline  system  for  the  parameter  study 

•  Simulation  of  the  baseline  design  and  characterization  of  its  behavior 

•  Examination  of  the  changes  in  system  behavior  resulting  from  parameter 
perturbations 

•  Application  of  the  parameter  study  results  to  create  a  final  design  for  consid¬ 
eration  in  feasibility  assessment 

The  first  section  of  this  chapter  deals  with  the  definition  of  a  baseline  design,  simulation  of 
its  performance,  and  discussion  of  the  results.  Plots  of  the  time  histories  of  the  states 
resulting  from  the  first  two  simulations  are  central  to  the  discussion  and  are  therefore 
included  in  the  text.  In  some  cases  the  plots  of  simulation  results  obtained  during  the 
parameter  study  exhibit  interesting  behavior;  these  plots  are  included  in  Appendix  C  of 
this  report  and  are  reference  by  their  simulation  number.  Although  the  baseline  design  was 
used  as  the  reference  point  in  the  study,  several  variations  of  the  design  were  considered  in 
the  process.  These  variations  (e.g.  a  system  using  a  different  working  fluid)  are  referred  to 
as  different  configurations  of  the  baseline.  Only  performance  during  steady-state  operation 
is  considered.  The  stored  elastic  and  kinetic  energies  are  therefore  not  addressed,  and  the 
performance  values  reported  represent  the  averages  over  an  integer  number  of  simulated 
cycles.  Also,  since  only  the  actuation  system  is  simulated,  the  energy  lost  as  a  result  of 
valve  actuation  is  not  considered. 

5.2  System  Behavior 

It  is  necessary  to  define  a  nominal  design  that  will  serve  as  a  baseline  throughout  the 
parameter  study.  After  many  random  iterations  a  configuration  was  found  that  demon¬ 
strated  the  fundamental  characteristics  of  MHSTs  and  was  robust  to  changes  in  those 
parameters  (robust  with  respect  to  integration  of  the  equations).  Table  5.1  summarizes  the 
properties  of  the  baseline  design,  configuration  A:  a  mesoscale  system  with  6  mm  diame- 
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ter  pistons  using  water  as  the  working  fluid.  The  most  salient  entry  in  the  table  is  the  long 
lengths  of  sections  I  of  the  flow  channels  (10  cm).  It  was  found  that  when  short  channels 
were  used  the  natural  frequency  of  the  system  was  significantly  higher  than  the  bandwidth 
of  the  valves  due  to  the  high  chamber  stiffness  and  small  fluid  inductance.  It  was  also 
found  that  excitation  of  the  pump  near  or  above  the  valve  resonance  results  in  loss  of  flow 
rectification  because  the  valve  reaction  time  is  too  slow  (delayed  valve  closure  results  in 
backflow).  Therefore,  the  short-channel  system  must  be  run  quasistatically  with  respect  to 
the  fundamental  system  frequency.  However,  as  will  be  seen  later  in  this  chapter,  adequate 
pump  performance  can  only  be  achieved  by  exciting  the  pump  near  the  system  resonance. 
If  the  valve  bandwidth  is  taken  to  be  a  fixed  limit,  as  is  the  case  for  most  designs,  then  a 
potential  solution  is  to  lower  the  system  frequency  either  by  decreasing  its  stiffness  (e.g. 
increase  chamber  compliance)  or  by  increasing  its  mass  (e.g.  increase  fluid  inductance). 
Initial  investigations  showed  that  increasing  the  chamber  compliance  significantly  reduced 
power  output.  Therefore,  the  approach  used  was  lengthen  section  I  of  the  channels.  It  was 
found  that,  at  the  mesoscale,  the  increase  in  viscous  flow  resistance  incurred  by  this 
change  was  nominal.  Furthermore,  since  resonant  operation  is  a  prerequisite  for  effective 
operation,  the  added  inertia  does  not  hinder  system  performance.  Although  eventual 
MHST  implementation  will  have  shorter  channels,  the  long-channel  baseline  design  is 
acceptable  for  the  parameter  study. 

A  computer  simlation  of  of  the  steady-state  operation  of  baseline  configuration  A,  shown 
below  in  Figure  5.2,  illustrates  the  steady-state  behavior  of  the  design.  The  calculated  per¬ 
formance  for  the  system  was:  PD  =  1280  W/kg;  t|  =  21  %;Q  =  236.0  ml/min.  Several  com¬ 
ments  can  be  made  on  the  behavior  and  the  information  gained  while  leading  up  to  the 
design.  As  previously  mentioned,  it  was  found  that  good  performance  could  only  be 
gained  by  forcing  the  system  near  its  resonance.  In  fact,  excellent  performance  was 
achieved  by  driving  the  pump  at /=  1.1 1/„  (a  relation  found  by  iteration).  As  will  be  seen, 
complications  arise  when  the  system  is  driven  precisely  at  resonance.  It  was  also  found 
that,  for  this  geometry,  the  best  performance  was  obtained  by  tuning  the  system  such  that 
the  natural  frequency  (and  hence  the  driving  frequency)  was  roughly  1/3  of  the  valve  reso- 
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TABLE  5.1  MHST  baseline  design  characteristics  -  configuration  A. 


Drive 

Valve 

Valve  Seat 

mP 

2e-3g 

mv 

1.26e-4  g 

lr 

* seat 

2.73e9  N/m 

mpiston 

0.06  g 

K 

2727  N/m 

y 

1  Jim 

kP 

9.22e7  N/m 

fn 

23.39  kHz 

Valve  stroke3 

0.25 

Cs 

7.09el7  Pa/m3 

kykcp 

8 

k/kc 

0.20 

A‘ff 

0.25  mm3 

Channel  Section  I 

f drive 

161.59  kHz 

height 

0.5  mm 

f drive 

151.74  kHz 

Field 

0.8  kV/mm 

width 

6mm 

y/r 

1.4  Jim 

Fb 

0.21  N 

length,  L/ 

100  mm 

*fr 

77  Jim 

R 

6.60el0  Pa/m3/s 

Field 

1  kV/mm 

Pb 

696.79  kPa 

h 

1.57e4  m*1 

Pmax 

926.13  kPa 

Pfr 

232.69  kPa 

Pmw/Pideal 

44% 

B  mech 

10.6% 

Channel  Section  II 

Vd 

0.09  pi 

ED 

23  mJ/kg 

diameter 

0.59  mm 

length,  Ljj 

0.5  mm 

R 

1.70e8  Pa/m3/s 

b 

1.84e3  m*1 

System 

ll 

6.69  kHz 

Materials 

ti 

249.68  kHz 

piezoelectric 

PZN:PT 

^sys 

-l.Og 

structure 

Si,  Pyrex 

Phpr^P  max 

0.3 

fluid 

water 

a.  Stroke  =  allowed  deflection  /  free  deflection 

b.  Frequency  of  the  drive  with  no  fluid  in  the  chamber 

c.  Frequency  of  the  drive  with  closed,  fluid  filled  chamber 

d.  First  mode  of  the  coupled  structural-fluid  system 

e.  Second  mode  of  the  coupled  structural-fluid  system 

nance.  When  excited  at  a  higher  frequency  the  valve  response  rolls  off,  they  are  not  able  to 
close,  and  the  flow  is  not  rectified.  If  operated  quasistatically  the  valve  response  will 
closely  resemble  the  square  wave  actuation  voltage  signal  shown  below  in  Figure  5. 1 
(repeated  from  Chapter  1).  Dynamic  effects,  though,  are  clearly  visible  in  plots  (b)  and  (e) 
of  Figure  5.2.  The  differences  in  the  trajectories  of  the  inlet  and  outlet  valves,  as  well  as 
their  relative  phasing  with  respect  to  the  pump  (recall  that  they  are  actuated  180°  out  of 
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phase  with  each  other),  is  due  to  the  fact  each  experiences  different  forcing.  Although 
pressure  balancing  eliminates  the  forces  resulting  from  the  pressure  acting  on  the  dia¬ 
phragm  and  lower  surface  of  the  disc,  the  upper  surface  of  the  inlet  disc  sees  a  pressure 
level  between  that  of  the  LPR  and  the  chamber,  while  the  outlet  valve  experiences  a  pres¬ 
sure  level  between  that  of  the  chamber  and  the  HPR.  In  addition,  the  fact  that  the  inlet 
valve  experiences  a  force  resulting  from  the  momentum  transfer  of  the  inflowing  fluid 
impinging  on  the  valve  disc,  while  the  outlet  valve  does  not,  also  contributes  to  the  asym¬ 
metric  response.  Another  interesting  effect  is  the  absence  of  significant  backflow  even 
though  there  are  periods  when  both  valves  are  clearly  open,  which  results  from  the  dynam¬ 
ics  of  the  fluid  motions  and  their  phase  relations  with  the  valves.  Some  backflow  is  visible 
at  the  bottom  of  plot  (d)  when  the  valves  are  closed,  and  is  due  to  the  modeled  leakage. 


i _ i _ . - 1 - - — i 

0  T/4  T/2  3T/4  T 


Time 

Figure  5.1  System  timing.  The  pump  drive  signal  may  be  any  periodic 
function  (sinusoidal  shown  for  simplicity). 
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Application  of  the  energy  tracking  equations  given  in  Chapter  4  provides  an  explanation 
for  the  efficiency  of  the  system.  Figure  5.3  shows  the  destinations  of  the  electrical  energy 
supplied  to  the  pump  over  the  steady-state  cycles  of  interest.  Since  the  system  is  operating 
at  21%  efficiency,  79%  of  the  supplied  energy  is  being  dissipated  internally.  As  the  graphs 
show,  the  viscous  flow  resistances  of  the  valves  themselves,  RJx),  account  for  most  of  the 
losses.  This  is  a  consequence  of  the  valve  strokes  which  are  relatively  small  compared  to 
the  dimensions  of  the  flow  channels.  It  can  also  be  seen  that  a  small  but  not  insignificant 
fraction  of  the  losses  occur  in  sections  I  of  the  flow  channels,  resulting  primarily  from 
their  long  lengths,  while  the  much  shorter  sections  II  contribute  virtually  no  losses.  Also 
visible  is  that  the  system  outlet  (valves  and  channels)  is  responsible  for  greater  energy  loss 
than  the  inlet.  The  reason  for  this  is  linked  to  the  different  forcing  that  the  valves  experi¬ 
ence,  and  the  proximity  of  the  driving  frequency  to  the  valve  resonance.  As  will  be  seen 
and  discussed  in  subsequent  sections,  primarily  in  Study  1 1 ,  because  the  pump  excitation 
frequency  is  within  one  decade  of  the  valve  resonance  dynamic  effects  occur  in  the  valve 
response.  One  manifestation  of  these  effects  is  an  overshoot  in  the  valve  position  resulting 
primarily  from  the  valve  actuation  step,  but  also  from  the  simultaneous  fluidic  and  pres¬ 
sure  forces.  The  aforementioned  differences  in  the  forces  seen  by  the  valves,  coupled  with 
the  cubic  dependance  of  flow  resistance  on  valve  displacement,  means  that  the  average 
flow  resistances  of  the  valves  over  several  cycles  can  vary  greatly.  The  result  is  that  small 
differences  in  the  respective  valve  responses  are  sometimes  amplified  into  large  flow  dis¬ 
similarities.  Lastly,  the  graphs  show  that  the  structural  damping  of  the  drive  contributes  lit¬ 
tle  to  the  total  system  losses. 

The  strong  dependence  of  system  performance  on  the  valve  dynamics  suggests  that  the 
results  of  independent  parameter  variations  might  be  difficult  to  intepret.  For  this  reason, 
prior  to  commencement  of  the  parameter  study,  the  baseline  configuration  was  modified 
by  making  the  valves  artificially  fast  such  that  their  response  time  was  fast  and  their 
dynamics  became  decoupled  from  the  problem.  The  change  was  implemented  by  reducing 
mv  by  a  factor  of  100,  thereby  increasing  the  bandwidth  by  10  and  resulting  in  quasistatic 
behavior  from  the  valves  for  the  same  driving  frequency.  The  simulation  results  for  this 
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(a)  Pump  drive  and  position  (b)  Valve  displacements 


(c)  Chamber  pressure 


(d)  Flow  rates 


(e)  Phase  relations  (normalized  states) 


time 


Figure  5.2  Simulation  of  actuator  configuration  A:/=  l.ll/rt,/n  =  6.69  kHz,/v  =  23.4  kHz.  Plot 
(a)  overlays  the  pump  displacement  (solid)  with  the  normalized  drive  signal  (dashed).  Plots  (b)  and 
(d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e)  indi¬ 
cates  the  phase  relations  between  the  normalized  pump  position  (heavy  solid),  chamber  pressure 
(solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed),  and  outlet  valve  displacement 
(dashed). 
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Energy  Consumption  (%) 


Inlet  losses  (%) 


Figure  5.3  Actuator  configuration  A:  energy  tracking.  The  top  shows  the  energy  dissi¬ 
pated  in  the  pump,  inlet,  and  outlet,  as  well  as  the  useful  (fluidic)  energy  output,  as  a  per¬ 
centage  of  the  electrical  energy  supplied  to  the  system.  The  bottom  plots  show  the  losses 
in  channel  section  I,  channel  section  II,  and  the  valve  gap,  as  percentages  of  the  total  inlet 
and  outlet  losses. 


new  system,  configuration  B,  are  shown  in  Figure  5.4.  Although  the  valves  are  now  faster 
the  performance  of  the  system  drops  to  PD  =  188  W/kg;  T|  =  18%;  Q  =  34.6  ml/min.  Com¬ 
parison  of  the  simulations  of  configurations  A  and  B  shows  that  when  the  valves  are  not 
dynamically  forced  their  displacements  are  smaller  (80%  less  for  the  inlet,  15%  less  for 
the  outlet).  The  outlet  valve  now  achieves  a  larger  excursion  than  the  inlet  because  it  sees  a 
higher  pseudostatic  pressure.  As  previsouly  mentioned,  the  strong  dependence  of  flow 
resistance  on  valve  displacement  explains  the  dramatic  differences  between  the  volumetric 
fluid  flow  and  associated  power  output  of  the  two  configurations.  It  also  highlights  the  sen- 
sitivy  of  the  model  to  these  effects.  The  true  nature  of  the  phenomenon  must  be  deter¬ 
mined  experimentally. 


Also  visible  in  plot  (c)  are  high  frequency  oscillations  in  the  chamber  pressure,  a  result  of 
the  excitation  of  the  system’s  higher  "drive"  mode,  that  stems  from  changes  in  the  valve 
states  which  occur  rapidly  with  respect  to  the  drive  frequency.  For  example,  consider  the 
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(a)  Pump  drive  and  position  (b)  Valve  displacements 


(e)  Phase  relations  (normalized  states) 


Figure  5.4  Simulation  of  actuator  configuration  B:/=  1.11 =  6.69  kHz,/v  =  234  kHz.  Plot  (a) 
overlays  the  pump  displacement  (solid)  with  the  normalized  drive  signal  (dashed).  Plots  (b)  and  (d) 
show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e)  indicates 
the  phase  relations  between  the  normalized  pump  position  (heavy  solid),  chamber  pressure  (solid), 
drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed),  and  outlet  valve  displacement  (dashed). 
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case  where  the  pump  is  in  the  supply  mode,  drawing  fluid  into  the  chamber.  Throughout 
this  phase  the  drive  sees  a  certain  equivalent  stiffness.  Sudden  closure  of  the  valve,  how¬ 
ever,  causes  the  drive  to  experience  a  much  higher  stiffness  as  no  fluid  is  allowed  into  the 
chamber.  The  result  is  a  parametric  excitation  of  the  high  frequency  drive  mode. 

Figure  5.5  shows  the  results  of  the  energy  tracking  analysis,  where  the  consequences  of 
attenuated  valve  excursions  are  apparent  -  nearly  all  of  the  viscous  losses  occur  in  the 
valve  gaps.  It  is  also  notable  that,  as  an  additional  result,  the  inlet  valve  is  responsible  for 
most  of  the  losses  in  this  configuration,  which  was  not  true  for  configuration  A.  All  other 
aspects  of  the  power  flow  are  similar  to  configuration  A. 


Energy  Consumption  (%) 


Figure  5.5  Actuator  configuration  B:  energy  tracking.  The  top  shows  the  energy  dissi¬ 
pated  in  the  pump,  inlet,  and  outlet,  as  well  as  the  useful  (fluidic)  energy  output,  as  a  per¬ 
centage  of  the  electrical  energy  supplied  to  the  system.  The  bottom  plots  show  the  losses 
in  channel  section  I,  channel  section  II,  and  the  valve  gap,  as  percentages  of  the  total  inlet 
and  outlet  losses. 
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5.3  Parameter  Studies 

The  study  was  executed  by  targeting  a  parameter  suspected  to  strongly  influence  system 

behavior  and  then  performing  a  sweep  through  some  range  of  values  by  running  multiple 

\ 

simulations.  The  parameters  involved  and  the  results  observed  are  summarized  in 
Table  5.2.  Separate  simulations  were  performed  using  the  parameters  found  to  yield  opti¬ 
mal  or  anomalous  results  in  order  to  understand  the  mechanism(s)  responsible.  The  time 
histories  of  those  simulations  believed  to  shed  insight  into  system  behavior  are  included  in 
Appendix  C. 

The  selection  of  the  subject  parameters  requires  some  explanation.  The  parameters  chosen 
can  best  be  classified  into  two  groups:  those  describing  the  electrical  drive  signal,  and 
those  describing  geometric  or  other  mechanical  characteristics  of  the  design.  They  are 
summarized  below: 

Electrical  excitation 

1.  Input  waveform 

2.  Drive  frequency  versus  system  frequency 

3.  Valve  phasing  (with  respect  to  the  pump  signal) 

Mechanical  geometry  and  loading 

4.  Chamber  capacitance 

5.  Pressure  load 

6.  Valve  leak  parameter 

7.  Mercury  as  the  working  fluid 

8.  Carbon  tetrachloride  as  the  working  fluid 

9.  Valve  disc  diameter 

10.  System  scale 

11.  Drive  frequency  versus  valve  frequency 

Due  to  the  previously  seen  sensitivity  of  system  performance  to  the  dynamics  and  phase 
relations  present,  the  nature  of  the  electrical  excitation  is  very  important.  Initial  simulation 
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TABLE  5.2 

Summary  of  parameter  study. 

Study 

Config.  Parameter 

Best  Results 

i 

B 

waveform 

square:  PD  =  239  W/kg;  q  =  27%;  Q  =  44.0  ml/min 
triangular:  PD  =  139  W/kg;  T|  =  21%;  Q  =  25.6  ml/min 

2 

B 

f=/„/10tol0/„ 

major  peak:  PD  =  338  W/kg;  T|  =  22%;  Q  =  62.3  ml/min 
minor  peak:  PD  =  55  W/kg;  T|  =  39%;  Q  =  10.1  ml/min 
chaotic  behavior  at  when  driven  at  resonance 
nonfunctional  when  driven  quasistatically 

3 

B 

<|>  =  0°  to  350° 

♦  =  80°:  PD  =  145  W/kg;  q  =  45%;  Q  =  26.7  ml/min 

4 

C 

Cc=10,5tol021  Pa/m3 

Improving  performance  with  increasing  Cc 

5 

B 

C 

PLa  =  0  to  1 

PL  =  0.8:  PD  =  2170  W/kg;  q  =  50%;  Q  =  150.0  ml/min 

PL  =  0.7:  PD  =  16  W/kg;  q  =  38%;  Q  =  22.0  mVmin 

6 

B 

Y=  10'2  to  101  pm 

Performance  rolls  off  fory>  3  pm 

7 

B 

D 

fluid  =  Hg 

/=  2.01  kHz:  PD  =  48  W/kg;  q  =  18%;  Q  =  8.9  ml/min 
/=  7.43  kHz:  PD  =  168  W/kg;  q  =  18%;  0  =  30.9  ml/min 

8 

B 

E 

fluid  =  CC14 

f=  5.88  kHz:  PD  =  146  W/kg;  q  =  17%;  Q  =  26.9  ml/min 
/=  7.43  kHz:  PD  =  281  W/kg;  q  =  18%;  Q  =  51.6  ml/min 

9 

F 

ddisc  -  0.2  to  1  mm 

ddisc  =  0-75  mm:  PD  =  361  W/kg;  q  =  21%;  Q  =  66.4  ml/min 

10 

G 

XrrlO^tolO0 

10  2:  PD  =  8210  W/kg;  q  =  18%;  Q  =  1.5e-3  ml/min 
Performance  ceases  to  increase  when  X  <  10"2 

11 

A 

fflv  =  0.l  to 0.9 

f/fv  =  0.3:  PD  =  1280  W/kg;  q  =  21%;  Q  =  236  ml/min 

a.  Pressure  load  (PL)  =phpiJpmax 


results  indicated  that  the  predicted  system  performance  could  be  swept  through  its  full 
range  of  values  simply  by  changing  the  characteristics  of  the  drive  signal.  Therefore,  all  of 
these  characteristics  -  waveform,  frequency,  and  phase  -  were  selected  for  investigation. 
The  choice  of  mechanical  parameters  was  based  on  a  combination  of  Chapter  4  analyses, 
intuition,  and  preliminary  simulation  results.  The  chamber  capacitance,  Cc,  was  targeted 
because  of  its  expected  impact  on  system  performance  as  illustrated  by  the  analysis  of  the 
canonical  hydraulic  coupler  in  Chapter  4.  Similarly,  knowledge  of  the  impedance  match¬ 
ing  condition  between  the  pump  and  the  pressure  load  prompted  an  investigation  to  deter¬ 
mine  the  location  of  the  match  (i.e.  the  pressure  that  would  yield  the  greatest  power 
output).  The  valve  leak  parameter,  y,  was  also  chosen.  Since  no  experimental  data  exists 
for  this  parameter,  it  is  useful  to  determine  what  value  will  impact  system  performance.  A 
judgement  can  then  be  made  with  respect  to  its  affect  on  system  feasibility.  Water  was 
selected  as  the  system’s  working  fluid  for  reasons  which  are  discussed  later.  However,  fac- 
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tors  such  as  cavitation  and  thermal  considerations  that  are  potentially  important  for  physi¬ 
cal  implementation  demand  that  the  feasibility  of  using  other  fluids  in  the  system  be 
investigated.  The  diameter  of  the  valve  disc,  ddisc,  was  selected  primarily  because  of  its 
somewhat  arbitrary  initial  size.  The  reasons  for  studying  the  effects  of  scale  on  system  per¬ 
formance  were  discussed  in  detail  in  preceeding  chapters.  Finally,  the  proximity  of  the 
system  resonance  (and  related  drive  frequency)  to  the  valve  frequency  is  explored  to  deter¬ 
mine  how  fast  the  pump  can  be  driven,  and  therefore  how  much  power  can  be  output, 
before  the  valve  bandwidth  limits  performance. 

Electrical  Excitation 

Study  1:  Input  waveform 

All  of  the  initial  model  simulations  leading  to  the  baseline  design  were  performed  using  a 
sinusoidal  drive  signal  with  the  intent  of  exciting  the  system  resonance.  The  signal,  how¬ 
ever,  can  be  any  periodic  function.  The  valves  were  always  driven  with  a  square  wave 
operating  with  a  35%  duty  cycle.  It  was  initially  unknown  how  the  system  would  respond 
to  different  waveforms.  Two  other  possibilities  were  investigated:  a  first  order  square  wave 
(Simulation  la)  and  a  triangular  wave  (Simulation  lb).  A  pure  (zeroth  order)  square  wave 
was  not  used  because  it  strongly  excited  the  system  dynamics.  The  results  were  that  the 
square  wave  generated  PD  =  239  W/kg;  T|  =  27%;  Q  =  44.0  ml/min  while  the  triangular 
wave  provide  PD  =  139  W/kg;  T|  =  21%;  Q  =  25.6  ml/min.  Both  excited  a  sinusoidal  pres¬ 
sure  signal.  Although  the  square  wave  seemingly  provides  better  performance,  the  high 
frequency  oscillations  incurred  would  in  most  cases  make  it  unsuitable  for  driving  the  sys¬ 
tem.  Simulations  were  performed  with  this  waveform  using  configuration  A  (i.e.  realistic 
valves)  and  it  was  observed  that  the  pressure  fluxuations  completely  disrupted  flow  rectifi¬ 
cation.  The  conclusion  for  this  study  is  that  a  sine  wave  is  the  best  drive  signal  for  the 
MHST. 
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Study  2:  Drive  frequency  versus  system  frequency 

System  performance  is  highly  dependent  on  the  excitation  frequency,/,  of  the  pump.  As 
previously  mentioned,  it  is  necessary  to  drive  the  system  near  resonance  to  obtain  reason¬ 
able  performance.  The  reason  for  this  can  be  partially  understood  by  investigating  the 
behavior  of  the  system  under  quasistatic  excitation,  which  was  done  in  Simulation  2d.  It 
can  be  seen  in  the  state  time  histories  that  the  system  resonance  is  excited  and  extreme 
pressure  oscillations  occur  (even  though  the  pump  vibration  amplitude  is  small  the  nearly 
incompressible  fluid  in  the  chamber  amplifies  this  into  high  pressures).  In  fact,  the  pre¬ 
dicted  oscillations  are  so  large  that  the  flow  is  not  rectified.  However,  it  must  be  remem¬ 
bered  that  the  model  cannot  predict  the  damping  that  will  occur  in  this  regime  (e.g. 
frequency  dependent  acoustic  damping  at  the  piston-fluid  interface)  and  the  accuracy  of 
this  simulation  is  questionable.  Intuition  suggests  that,  at  some  low  frequency  where 
enough  oscillations  occur  that  they  become  completely  damped,  the  pump  will  certainly 
function.  Such  low  frequency  operation,  however,  would  produce  very  little  power  and  is 
consequently  of  little  interest.  Therefore,  for  the  purpose  of  MHST  feasibility  assessment 
it  can  be  concluded  that  the  pump  will  not  function  if  operated  significantly  below  the  sys¬ 
tem  resonance. 

The  logical  next  step  is  to  investigate  the  frequency  response  of  the  system  and  find  the 
optimal  if  it  exists.  The  results  of  this  analysis  are  shown  in  Figure  5.6,  where  a  clear  peak 
in  the  output  power  is  visible  near  the  system’s  natural  frequency.  The  peak  is  centered  at 
5.35  kHz,  slightly  below  the  system  resonance  of  6.69  kHz.  Also  distinctly  visible  is  a 
minor  peak  at  1.60  kHz,  or  1/4  of  the  resonance.  It  is  clear  that  excitation  at  frequencies 
significantly  higher  than  fn  result  in  poor  power  output.  The  efficiency  plot  is  approxi¬ 
mately  the  inverse  of  the  PD  plot  because  the  same  high  flow  rates  that  provide  the  hydrau¬ 
lic  power  also  result  in  greater  viscous  losses  through  the  valves  and  channels.  As 
expected,  efficiency  peaks  when  the  power  level  is  minimal.  An  anomaly  was  identified 
during  the  frequency  sweep  when/=/„;  it  is  not  included  in  the  plot,  but  is  studied  below. 
Three  cases  were  identified  for  further  investigation:  (1)  operation  at  the  major  peak,  (2) 
operation  at  resonance  (3)  and  operation  at  the  minor  peak. 
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PD  (W/kg)  Efficiency  (%) 


f/fn  f/fn 


Figure  5.6  Parameter  study  2:  performance  of  configuration  B  versus  drive  frequency, 
f.  Hie  frequency  of  the  baseline /=  1.11 fn  is  indicated.  The  anomaly  at  /  =  fn  is  not 
shown.  The  dots  correspond  to  simulations  included  in  Appendix  C. 


The  first  case  considered.  Simulation  2a,  was  operation  at  the  major  peak,/=  0.8 fn  =  5.35 
kHz.  It  can  be  seen  that  the  dynamics  of  the  system  are  such  that  the  chamber  pressure 
experiences  a  fluctuation  near  its  peak  that  causes  a  rapid  oscillation  in  the  outlet  flow.  The 
performance  is  significantly  higher  than  the  baseline  but  successful  implementation  would 
almost  certainly  require  avoidance  of  the  pressure  jump. 


Operation  of  the  system  at  resonance  was  considered  next.  Given  that  the  best  perfor¬ 
mance  is  obtained  by  exciting  the  system’s  natural  frequency,  it  is  logical  to  suspect  the /= 
fn  =  6.69  kHz  will  yield  the  optimal  results.  Indeed,  this  was  true  for  several  designs  con¬ 
sidered  in  preliminary  simulations.  However,  configuration  B  exhibits  an  interesting  phe¬ 
nomenon  when  driven  at  resonance.  The  time  histories  of  the  states  over  30  cycles  are 
shown  in  Simulation  2b.  Although  no  detail  is  visible,  it  is  evident  that  the  system  experi¬ 
ences  chaotic  behavior  near  the  24th  cycle,  where  a  phase  inversion  occurs  between  the 
chamber  pressure  and  the  pump,  resulting  in  flow  reversal.  It  is  unclear  whether  this 
behavior  would  manifest  itself  in  a  physical  system. 


The  last  case  considered  was  operation  at  the  minor  peak,/=  0.25 <fn  =  1.60  kHz.  Inspec¬ 
tion  of  Figure  5.6  suggests  that  the  peak  represents  a  harmonic  of  the  system.  Simulation 
2c  was  performed  to  characterize  the  system’s  behavior  at  this  frequency.  The  perfor- 
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mance  predicted  is  PD  =  55  W/kg;  t|  =  39%;  Q  =  10.1  ml/min.  Since  the  driving  frequency 
is  1/4  of  the  resonance  there  are  exactly  4  fluid  oscillation  periods  for  every  pump  cycle, 
but  because  the  system  timing  is  such  that  exactly  1.5  periods  occur  when  each  valve  is 
open,  roughly  twice  as  much  fluid  flows  forward  as  backward,  resulting  in  a  positive  net 
flow  rate  and  a  peak  in  the  system’s  power  output.  A  study  of  possible  system  harmonics 
was  conducted  by  sweeping  through  a  series  of  drive  frequencies  and  taking  the  power 
spectral  density  (PSD)  of  the  ensuing  state  responses.  The  magnitude  of  the  outlet  flow, 
Qout,  is  of  particular  interest  because  it  is  the  best  indicator  of  the  power  output.  The 
results  are  shown  in  Figure  5.7  where  the  presence  of  superharmonics  can  be  clearly  seen. 
In  addition  to  the  predicted  system  resonance,  a  significant  peak  is  visible  on  the  4th  har¬ 
monic  line  corresponding  to  Simulation  2c.  Two  things  were  concluded  from  this  study: 
(1)  that  the  best  performance  is  obtained  by  operating  near  (but  not  necessarily  at)  the  sys¬ 
tem  resonance,  and  (2)  that  the  system  possesses  significant  harmonics. 


Nonlinear  Harmonic  Response 


Normalized  drive  frequency 


Figure  5.7  Harmonic  analysis  showing  the  relation  between  the  input  electrical  signal 
and  the  output,  (?0U,.The  x-axis  is  the  drive  frequency  normalized  to/„;  the  y-axis  is  the 
response  frequency  normalized  to The  brightness  reflects  the  magnitude  of  the  response 
calculated  on  a  log  scale.  The  first  radial  line  shows  a  1:1  correspondence  between  the 
input  and  output  frequencies,  while  the  remaining  lines  indicate  the  presence  of  2nd,  3rd, 
and  4th  superharmonics.  The  spotted  regions  at  left  are  an  artifact  of  the  plot  resolution. 
The  arrows  correspond  to  simulations  included  in  Appendix  C. 
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Study  3:  Valve  phasing 

System  behavior  is  extremely  sensitive  to  the  phasing  of  the  valves  with  respect  to  the 
pump  drive  signal.  Initial  simulation  results  indicated  that  small  variations  in  the  drive  sig¬ 
nal  produced  changes  in  the  system  dynamics,  such  as  the  phase  relation  between  the 
pump  position  and  pressure,  that  could  completely  change  the  flow  pattern.  Figure  5.8 
shows  the  power  output  of  the  system  versus  valve  phase,  where  a  well  defined  optimum 
exists  at  (j)  ~  80°.  Simulation  3a  was  performed  using  this  value  with  the  following  results: 
PD  =  145  W/kg;  t|  =  45%;  Q  =  26.7  ml/min.  Very  clean  signals  with  symmetric  spacing 
are  visible.  Figure  5.9  illustrates  the  greatly  improved  efficiency  realized  by  this  change  in 
phase.  Virtually  no  energy  is  dissipated  in  the  drive  because  the  higher  dynamics  are  not 
being  excited,  and  the  lower  maximum  flow  velocities  dissipate  less  energy.  The  price  is  a 
lower  power  density.  It  is  evident  that  the  performance  drops  suddenly  if  a  critical  phase  of 
approximately  100°  is  reached,  which  results  in  backflow.  The  conclusion  from  this  study 
is  that,  although  the  optimal  valve  phase  value  of  80°  is  conditional  on  the  design  parame¬ 
ters  and  cannot  be  generalized  to  other  configurations,  changes  in  valve  phasing  for  any 
given  design  can  result  in  drastic  changes  in  system  performance  and  may,  in  some  cases, 
allow  for  tayloring  of  the  performance  numbers. 

PD  (W/kg) 


0  100  200  300 

<t>  (deg) 

Figure  5.8  Parameter  study  3:  performance  of  configuration  B  versus  valve  phase, 
<|>.  The  nominal  value  of  0°  is  indicated.  The  dot  corresponds  to  a  simulation  included 
in  Appendix  C. 
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Energy  Consumption  (%) 


Inlet  losses  (%)  Outlet  losses  (%) 


I  II  Valve  I  II  Valve 


Figure  5.9  Simulation  3a  energy  tracking.  The  top  shows  the  energy  dissipated  in  the 
pump,  inlet,  and  outlet,  as  well  as  the  useful  (fluidic)  energy  output,  as  a  percentage  of  the 
electrical  energy  supplied  to  the  system.  The  bottom  plots  show  the  losses  in  channel  sec¬ 
tion  I,  channel  section  II,  and  the  valve  gap,  as  percentages  of  the  total  inlet  and  outlet 

losses. 

Mechanical  Geometry  and  Loading 

Study  4:  Chamber  capacitance 

The  analyses  presented  in  Chapter  4  suggest  that  the  stiffness  of  the  pump  chamber  greatly 
impacts  the  power  levels  of  the  system.  In  this  section,  the  importance  of  the  parameter 
was  characterized  by  running  a  series  of  simulations  with  different  values  for  Cc.  The 
results  are  shown  in  Figure  5.10.  In  the  limiting  case  of  a  very  compliant  chamber  (small 
Cc)  the  power  level  approaches  zero.  It  is  apparent  that  the  present  design,  while  not  ideal, 
is  within  20%  of  the  asymptotic  value  corresponding  to  an  infinitely  stiff  chamber  (for  the 
given  pressure  load).  When  considering  different  designs  for  the  baseline,  it  was  realized 
that  an  alternative  to  the  "long-channel"  solution  existed:  the  system  frequency  could  also 
be  lowered  by  decreasing  the  chamber  capacitance,  for  instance,  by  adding  flexible  mem¬ 
branes  to  the  chamber  ceiling  structure.  When  Cc  is  reduced  by  a  factor  of  175  and  short 
channels  are  used  (Lj  =  1  mm)  the  system  frequency  becomes  the  same  as  the  nominal, /= 
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6.69  kHz.  This  system  is  designated  configuration  C.  Simulation  4a  shows  the  states  of  the 
device  when  driven  at /=  1.11 fn.  The  performance  is  predicted  to  be  PD  =11  W/kg;  i)  = 
18%;  Q  =  33.7  ml/min,  significantly  below  the  values  of  configuration  B.  Most  noticeable 
in  the  time  histories  of  the  states  is  the  close  following  between  the  drive  signal  and  the 
pump  position.  The  low  power  output  is  the  result  of  the  much  lower  pressures  being  gen¬ 
erated  in  the  chamber  due  to  the  increased  flexibility  of  the  chamber.  It  must  be  noted, 
however,  that  such  a  system  will  have  a  different  optimal  pressure  load  than  a  stiffer  sys¬ 
tem,  an  effect  that  is  explored  in  the  subsequent  study.  The  conclulsion  reached  in  this 
study  is  that  a  reduction  in  the  chamber  stiffnesss  greatly  reduces  the  performance  of  the 
system,  and  the  benefits  derived  by  such  a  modification  (e.g.  tuning  of  the  system  reso¬ 
nance)  are  probalby  not  worth  the  penalty  incurred.  It  is  further  concluded  that  the  system 
efficiency  is  very  insensitive  to  Cc. 


PD  (W/kg)  Efficiency  (%) 


Figure  5.10  Parameter  study  4:  performance  of  configuration  B  versus  chamber  com¬ 
pliance,  Cc.  Tlie  nominal  value  of  7.09el7  Pa/m3  is  indicated. 
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Study  5:  Pressure  load 

The  power  output  of  any  hydraulic  pump  depends  greatly  on  the  pressure  load  it  is  acting 
against.  Therefore,  to  maximize  the  performance  of  the  MHST  it  necessary  to  find  the 
optimal  load.  In  quasistatic  operation  the  optimal  load  is  nominally  one-half  of  pmax. 
However,  other  effects  make  the  issue  more  complicated.  This  is  illustrated  below  in 
Figure  5.11,  where  the  PD  curve  is  not  the  smooth  parabola  centered  at  0.5  that  was 
expected.  Two  effects  explain  its  shape.  First,  partly  because  the  valves  in  configuration  B 
are  inefficient,  and  partly  because  of  the  flow  dynamics,  the  greatest  power  output  is  seen 
when  the  pressure  is  high  and  the  flow  rate  (which  determines  the  losses)  is  low,  and  the 
net  effect  is  a  shift  of  the  parabola  to  the  right.  Second,  the  high  pressures  act  on  the  upper 
valve  surfaces  and  tend  to  force  them  open,  reducing  the  flow  resistance  and  boosting  per¬ 
formance.  The  result  is  a  vertical  distortion  of  the  curve  in  the  high  pressure  regions  and 
extremely  high  power  outputs.  It  is  believed  that  the  large  valve  deflections  caused  by 
these  pressures  would,  in  fact,  fracture  the  valve  diaphragms.  Therefore,  the  performance 
benefits  due  to  this  effect  must  be  acknowledged  as  a  limitation  of  the  model  and  should 
not  be  considered  as  a  viable  design  option. 


Php/Pmax  Php/Pmax 

Figure  5.11  Parameter  study  5:  performance  of  configuration  B  versus  the  normal¬ 
ized  pressure  load,  PhpdPmax-  The  nominal  value  of  0.3  is  indicated. 


Parameter  Studies 


153 


For  comparison,  the  analysis  was  repeated  using  configuration  C,  defined  above,  as  the 
subject  system.  The  results  are  show  in  Figure  5.12.  Due  to  the  large  pressure  reductions 
caused  by  the  compliant  chamber,  the  effects  mentioned  in  the  preceding  paragraph  are 
absent  and  the  expected  curve  is  obtained.  It  can  be  seen  that  the  maximum  achievable  PD 
is  15  W/kg.  Noticeable  in  both  Figure  5.11  and  Figure  5. 12  is  that  the  power  output  is  pos¬ 
itive  even  when  PhpJPmax  =  1-  This  is  due  to  the  definition  of  pmax  given  in  Chapter  3, 
which  represents  the  pressure  generated  in  a  closed  chamber  when  the  pump  is  actuated 
from  its  rest  position,  and  does  not  account  for  the  additional  stored  elastic  energy  present 
as  a  result  of  the  pump  reaching  its  maximum  negative  deflection  during  operation.  The 
conclusion  reached  in  this  study  is  that  an  optimal  pressure  load  exists  where  the  power 
density  of  the  system  is  maximized,  and  that  care  should  be  taken  when  evaluating  what 
represents  a  realistic  design. 


PD  (W/kg)  Efficiency  (%) 


Figure  5.12  Parameter  study  5:  performance  of  configuration  C  versus  the  normal¬ 
ized  pressure  load,  Phpj/Pmajc  nominal  value  of  0.3  is  indicated.  The  dot  corre¬ 
sponds  to  a  simulation  included  in  Appendix  C. 
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Study  6:  Valve  leak  parameter 

The  valve  leak  parameter,  modeled  as  a  minimum  valve  displacement  above  the  valve  seat, 
y,  is  a  term  that  is  easily  correlatable  to  experimental  data  but  difficult  to  predict  a  priori. 
An  investigation  into  the  impact  of  this  parameter  on  system  behavior  was  therefore  per¬ 
formed.  As  expected,  power  and  efficiency  are  constant  below  some  critical  value  (in  this 
case  3  pm)  corresponding  to  an  adequate  valve  seal.  For  y  >  ycrit,  performance  rolls  off 
rapidly  as  the  valves  permit  greater  leakage.  The  small  peak  seen  in  the  left  plot  is  a  purely 
a  dynamic  effect.  The  numerical  value  of  ycrit  for  a  MHST  configuration  depends  on  sev¬ 
eral  factors,  most  importantly  the  contact  area  between  the  valve  and  valve  seat.  It  is  there¬ 
fore  highly  dependant  on  the  ratio  of  the  valve  disc  diameters  to  the  diameter  of  sections  II 
of  the  flow  channels.  The  conclusion  reached  in  this  study  is  that,  as  expected,  perfor¬ 
mance  remains  constant  for  y  below  some  value  that  represents  adequate  valve  sealing,  but 
rolls  off  rapidly  once  a  gap  size  is  reached  where  the  valve  begins  to  leak.  For  this  particu¬ 
lar  design,  that  value  is  3  pm. 


PD  (W/kg)  Efficiency  (%) 
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Figure  5.13  Parameter  study  6:  performance  of  configuration  B  versus  the  valve  leak 
parameter,  y  The  nominal  value  of  1  pm  is  indicated. 
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Study  7:  Mercury  as  the  working  fluid 

Mercury  offers  several  key  advantages  over  water  as  the  working  fluid  in  MHSTs:  it  has  a 
much  higher  bulk  modulus,  25  versus  2.24  GPa  for  water,  and  has  no  vapor  pressure  at 
room  temperature,  possibly  aiding  the  avoidance  of  cavitation.  Its  disadvantages  are  a  vis¬ 
cosity  that  is  50%  greater  than  that  of  water,  much  higher  density,  and  toxicity.  Addition¬ 
ally,  the  surface  tension  of  mercury  is  very  high  and  would  almost  certainly  exacerbate  the 
problem  of  pump  priming.  Several  simulations  were  completed  to  assess  the  relative  mer¬ 
its  of  using  mercury  in  the  design!  Since  the  increase  in  inductance  due  to  the  high  density 
is  greater  than  the  stiffness  increase  provided  by  the  higher  bulk  modulus,  the  natural  fre¬ 
quency  of  a  system  using  mercury  is  significantly  lower  than  that  of  a  water  system.  The 
resonance  of  configuration  B,  for  example,  drops  to  1.81  kHz.  Simulation  7a  shows  the 
predicted  behavior  of  this  system  when  excited  at  /=  1.1 1/B.  The  results  are  PD  =  48  W/ 
kg;  T|  =  18%;  Q  =  8.9  ml/min,  but  are  not  comparable  with  the  previous  water  system 
because  of  the  lower  frequency  operation.  Therefore,  configuration  D  was  defined  as  a 
baseline  system  with  short  channels  (Lj  =  2  mm)  in  order  to  boost  the  frequency  to  the 
nominal^,  =  6.69  kHz.  Simulation  of  this  system  (Simulation  7b)  predicted  the  following 
performance:  PD  =  168  W/kg;  ri  =  18%;  Q  =  30.9  ml/min.  Inspection  of  the  system  behav¬ 
ior,  though,  shows  that  the  higher  fluid  density  leads  to  unexpected  dynamics  in  the  valve 
motions.  The  conclusion  reached  in  this  study  is  that  mercury  is  a  viable  liquid,  but  does 
not  provide  performance  levels  as  good  as  those  given  when  water  is  used. 

Study  8:  Carbon  tetrachloride  as  the  working  fluid 

Carbon  tetrachloride,  a  nonflammable  liquid  commonly  used  as  a  solvent  for  oils,  greases, 
and  waxes  [Avallone  and  Baumeister,  1987],  possess  physical  properties  very  similar  to 
water.  Although  it  has  no  obvious  advantages,  its  use  in  MHST  is  explored  here  primarily 
to  assess  its  usefulness  as  an  alternative  fluid.  As  with  mercury,  the  density  of  the  fluid, 
being  different  than  water,  leads  to  a  different  system  frequency.  Simulation  8a  shows  the 
behavior  of  configuration  B  using  the  fluid  (fn  =  5.30  kHz),  while  Simulation  8b  predicts 
the  response  of  a  system  with  60  mm  flow  channels  (configuration  E)  and  fn  =  6.69  kHz. 
The  performance  of  configuration  E  is  PD  =  281  W/kg;  T|  =  18%;  Q  =  51.6  ml/min.  This 
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performance  is  significantly  greater  than  that  seen  in  the  water  system.  Since  almost  all 
liquid  micropumps  use  water  as  the  working  fluid,  it  is  believed  that,  in  the  intial  stages  of 
prototype  fabrication  and  testing,  the  use  of  water  will  permit  the  use  of  experimental  data 
from  the  literature,  and  therefore  offers  advantages  beyond  the  performance  predictions 
presented  here.  However,  the  primary  conclusion  reached  in  this  section  is  that  carbon  tet¬ 
rachloride  may  provide  performance  enhancement  that  would  warrant  its  experimental 
investigation  as  a  working  fluid. 

Study  9:  Valve  disc  diameter 

The  diameter  of  the  valve  disc  was  initially  determined  according  to  the  pressure-balanc¬ 
ing  requirement  stipulated  in  Chapter  2.  However,  some  of  the  other  valve  parameters 
leading  to  this  value  were  arbitrarily  chosen.  Therefore,  an  investigation  into  the  effects 
that  perturbations  in  this  parameter  have  on  the  system  performance  is  warranted.  Three 
constraints  must  be  established  before  investigating  the  effects  of  changing  the  diameter  of 
the  valve  disc,  ddisc.  Firstly,  it  will  be  assumed  that  the  ratio  of  the  valve  disc  diameter  to 
the  channel  section  II  diameter  (i.e.  the  orifice  within  the  valve  seat)  will  remain  constant 
throughout  the  study.  This,  however,  has  implications  in  that  changes  in  the  channel  diam¬ 
eter  affect  the  fluid  inductance  and  therefore  the  system  frequency.  It  must  therefore  be 
further  stipulated  that  the  system  will  always  be  excited  at /=  1.11 fn.  Secondly,  increasing 
ddisc  310116  violates  the  pressure  balanced  condition  stipulated  in  Chapter  2.  To  decouple 
these  effects,  the  resulting  pressure  force  is  neglected  throughout  the  study.  Finally, 
increasing  ddjsc  lowers  the  frequency  of  the  valve.  Since  the  parameter  perturbations  are  to 
be  small,  and  the  disc  accounts  for  a  relatively  small  fraction  of  the  valve’s  modal  mass, 
these  frequency  changes  will  likewise  be  neglected. 

The  parameter  was  swept  from  ddisc  =  0.1  to  1  mm;  the  results  are  shown  in  Figure  5.14.  It 
can  be  seen  that  the  performance  increase  is  significant  as  ddhc  becomes  larger.  The  reason 
for  this,  however,  is  not  obvious.  Since  the  ratio  of  valve-to-channel  diameter  was  con¬ 
strained  as  constant,  the  viscous  flow  resistance  of  the  valve  is  likewise  constant  (see 
Chapter  3).  The  reason  for  the  performance  increase  is  that,  due  to  the  larger  disc  areas, 
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the  pressure  force  acting  on  them  is  larger  and  they  therefore  tend  to  open  more.  This 
reduces  the  flow  resistance  and  boosts  the  power  output.  The  suddent  drop  off  visible  as 
ddiSc  approaches  1  mm  is  because  the  pressure  force  reaches  a  point  where  it  overwhelms 
the  actuation  force,  and  the  valve  can  no  longer  close.  The  reason  for  the  power  increase  is 
essentially  the  same  as  for  study  5,  and  similar  conclusions  must  be  drawn:  in  the  physical 
system,  the  increasing  valve  deflections  caused  by  the  higher  pressure  forcesmight  result 
in  valve  fracture  before  any  significant  performance  increase  was  seen.  Increasing  the 
valve  disc  diameter  is  therefore  not  considered  to  be  a  viable  design  option. 

500 
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valve  disc  diameter  (mm)  valve  disc  diameter  (mm) 

Figure  5.14  Parameter  study  9:  performance  of  configuration  B  versus  the  valve 
disc  diameter,  ddisc.  The  nominal  value  of  0.62  mm  is  indicated.  The  dot  corresponds 
to  a  simulation  included  in  Appendix  C. 

Study  10:  System  scale 

Perhaps  the  most  important  parameter  study  in  this  work  is  that  of  system  performance 
versus  scale,  X.  Investigations  into  how  MHST  behavior  changes  with  geometric  scaling 
will  help  determine  if  and  where  an  optimum  scale  exists.  As  discussed  in  Chapter  1,  it 
was  suspected  that  system  PD  would  increase  linearly  with  decreasing  system  scale  until, 
at  some  level,  viscous  effects  would  dominate  behavior  and  eliminate  the  motivation  for 
further  miniaturization.  In  the  forthcoming  discussion,  X  =  1  corresponds  to  the  mesoscale 
systems  described  above. 


PD  (W/kg)  Efficiency  (%) 
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Figure  5.15  System  frequency,  /„,  and  damping  ratio,  of  configuration  B  versus  system 
scale,  X.  The  scale  factor  is  shown  with  respect  to  the  mesoscale  baseline  such  that  X  =  1 
corresponds  to  the  given  dimensions  for  configuration  B.  Frequency  becomes  real  for 
X<10  where  the  system  is  critically  damped.  The  dot  corresponds  to  a  simulation 
included  in  Appendix  C. 

An  appropriate  way  to  begin  the  study  is  to  examine  how  the  natural  frequency  of  the  sys¬ 
tem  depends  on  X  by  making  use  of  the  state-space  linear  system  approximation  presented 
in  Chapter  4.  The  results  are  shown  in  Figure  5.15  where  it  can  be  seen  that  the  frequency 
increases  as  expected  until  Xcn-,  =  10"3,  where  increasingly  dominant  viscous  effects  criti¬ 
cally  damp  the  system.  The  system  frequency  is  therefore  undefined  for  X  <  Xcrit .  It  is 
logical  to  assume  that  performance  trends  will  experience  a  transition  near  this  region  as 
well. 

Multiple  simulations  were  executed  while  sweeping  through  values  of  X.  As  expected, 
power  output  begins  to  level  off  near  X  —  10  ^  and  is  flat  by  10  3.  These  trends  are  encour¬ 
aging  and  suggest  that,  subject  to  microfabrication  limitations,  performance  increases 
from  10  to  100  can  be  expected  by  miniaturizing  MHSTs  to  the  MEMS  scale.  Of  immedi- 
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Figure  5.16  Performance  of  configuration  B  versus  system  scale,  X.  The  scale  factor 
is  shown  with  respect  to  the  mesoscale  baseline  such  that  X  =  1  corresponds  to  the 
given  dimensions  for  configuration  B.  The  dot  corresponds  to  a  simulation  included  in 
Appendix  C. 


ate  interest  is  the  performance  of  the  1/1  Oth  scale  system,  configuration  G,  which  is 
believed  to  be  within  the  bounds  of  current  micromachining  technology.  The  behavior  of 
configuration  G  was  computed  in  Simulation  10a  with  the  following  performance  results: 
PD  =  1660  W/kg;  T|  =  18%;  Q  =  0.3  ml/min.  Note  that  this  system  is  a  scaled  down  version 
of  configuration  B,  which  was  capable  of  PD  =  188  W/kg;  T|  =  18%;  Q  =  34.6  ml/min.  In 
this  case,  the  l/10th  scale  reduction  led  to  a  PD  increase  of  8.8,  while  the  efficiency 
remained  roughly  constant. 

Study  11:  Drive  frequency  versus  valve  frequency 

The  power  output  of  the  system  is  limited  by  the  bandwidth  of  the  valves.  As  previously 
seen,  the  natural  frequency  of  the  system  can  be  significantly  higher  than  that  of  the 
valves,  as  was  the  case  for  the  original  baseline  design,  configuration  A.  Since  the  power 
output  is  directly  dependant  on  the  frequency  of  operation,  it  is  logical  to  assume  that  the 
mechanism  should  be  operated  at  the  highest  frequency  possible,  which  is  to  say  the  fre¬ 
quency  near  which  the  valve  response  rolls  off.  Figure  5.17  below  plots  the  PD  of  the  sys¬ 
tem  for  different  driving  frequencies,/,  with  respect  to  the  fixed  valve  frequency,  fv  The 
system  was  always  driven  at/=  1.11/,;  the  natural  frequency  was  tuned  by  varying  the 
length  of  channel  section  I,  Lj.  Looking  at  the  left  plot  it  is  apparant  that,  although  the 
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power  begins  to  increase  as  expected,  it  then  rises  upward.  This  is  because  the  valve  is 
being  dynamically  excited  by  the  pump.  Since  the  drive  frequency  is  within  a  decade  of 
the  valve  resonance,  the  fluidic  and  pressure  forces  acting  on  the  valve  cause  some  over¬ 
shoot  in  its  position  during  opening.  Although  this  overshoot  is  not  large,  the  sensitivity  of 
the  valve’s  flow  resistance  to  its  deflection  results  in  a  significant  reduction  in  that  resis¬ 
tance  and  a  concomitant  boost  in  performance.  This  is  the  same  phenomenon  primarily 
responsible  for  the  large  differences  in  performance  between  configurations  A  and  B. 

It  is  also  apparent  that  drive  frequencies  greater  than  0.4/v  generate  poor  performance 
because  the  valve  response  time  is  not  fast  enough  to  keep  up  with  the  pump.  The  result  is 
that,  as  the  frequency  is  increased,  more  and  more  backflow  occurs  because  the  pump 
begins  the  second  half  of  its  cycle  before  the  valve  that  was  open  during  the  first  half  of  the 
cycle  has  time  to  close. 


Efficiency  (%) 


Figure  5.17  Parameter  study  1 1 :  performance  of  configuration  A  versus  the  valve  fre¬ 
quency,  fy  The  x-axis  is  the  drive  frequency,/,  normalized  to  the  valve  frequency.  The 
straight  line  in  the  left  plot  projects  the  expected  increase  in  power  density  if  valve 
dynamics  are  neglected.  The  system  was  always  driven  at /=  1.11/,;  the  natural  fre¬ 
quency  was  varied  by  tuning  Lj,  where  the  minimum  and  maximum  ratios  of  0.1  and 
0.9  correspond  to  lengths  of  1000  and  9  mm  respectively. 
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5.4  Final  Design 

Actuator 

The  knowledge  gained  from  the  analyses,  computer  simulations,  and  parameter  studies 
was  employed  to  arrive  at  a  final  design  that,  it  is  believed,  represents  the  potential  perfor¬ 
mance  levels  of  MHSTs.  The  results  obtained  that  the  final  design,  implemented  on  a 
microscale  (l/10th  the  size  of  the  mesoscale  device),  indicate  that  the  mechanism  is  capa¬ 
ble  of  a  power  density  that  is  one  to  two  orders  of  magnitude  greater  than  conventional 
electromechanical  transducers. 

The  greatest  difference  between  the  final  design  and  baseline  configuration  A  is  the  length 
of  the  flow  channels,  Lj.  As  previously  discussed,  the  bandwidth  limitation  of  the  valve 
necessitates  the  reduction  of  the  system  frequency.  This  can  be  accomplished  either  by 
decreasing  the  chamber  stiffness  or  increasing  the  fluid  inductance.  The  option  chosen  for 
the  parameter  study  was  to  increase  the  fluid  inductance  by  lengthening  the  flow  channels, 
leading  to  configuration  B.  Unfortunately,  the  lengths  necessary  (10  cm)  do  not  represent 
a  feasible  design,  as  the  rest  of  the  system  is  only  1  cm  in  diameter.  However,  inspection  of 
equation  (3.10)  shows  that  the  fluid  inductance  may  also  be  increased  by  reducing  the 
cross-sectional  area  of  the  flow  channel.  This  was  the  solution  adopted  for  the  final  design. 

Although  it  was  originally  thought  that  the  channels  should  possess  the  largest  cross-sec¬ 
tional  areas  possible  (which  is  still  true  if  the  valves  are  fast  enough)  it  is  shown  here  that 
this  is  not  always  the  case.  For  the  final  design,  section  I  was  modified  as  follows:  Lj  was 
reduced  to  3  mm  (using  configuration  B  as  the  reference),  the  width  was  reduced  to  0.5 
mm  from  6  mm  (the  channel  was  originally  the  width  of  the  chamber),  and  the  height  was 
increased  from  roughly  0.1  mm  to  0.4  mm.  These  numbers  were  arrived  at  through  many 
iterations  where  the  frequency  benefits  resulting  from  reduced  channel  areas  were 
weighed  against  the  concomitant  viscous  flow  resistance  increases.  Table  5.3  summarizes 
the  mechanical  characteristics  of  the  final  design. 
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TABLE  5.3  MHST  final  design  characteristics  (mesoscale). 


Drive 

Valve 

Valve  Seat 

mp 

2e-3  g 

mv 

1.26e-4  g 

k 

“ seat 

2.73e9  N/m 

mpiston 

0.06  g 

*v 

2727 N/m 

1  pm 

kP 

9.22e7  N/m 

fn 

23.39  kHz 

Valve  stroke3 

0.25 

cs 

7.09el7  Pa/m3 

kykCp 

8 

k/kc 

0.20 

Aeff 

0.25  mm3 

Channel  Section  I 

f drive 

161.59  kHz 

height 

0.4  mm 

f drive 

151.74  kHz 

Field 

0.8  kV/mm 

width 

0.5  mm 

yfr 

1.4  pm 

h 

0.21  N 

length,  Lj 

3  mm 

*fr 

77  pm 

R 

3.13e9  Pa/m3/s 

Field 

lkV/mm 

Pb 

696.79  kPa 

h 

1.57e4  m-‘ 

Pmax 

926.13  kPa 

Pfr 

232.69  kPa 

Pmcu/Pideal 

44% 

*1  mech 

10.6% 

Channel  Section  11 

Vd 

0.09  pi 

ED 

23  mJ/kg 

diameter 

0.59  mm 

length,  LIt 

0.5  mm 

R 

1.70e8  Pa/m3/s 

h 

1.50e4  m’1 

System 

i'¬ 

ll 

9.66  kHz 

Materials 

ti 

249.76  kHz 

piezoelectric 

PZN:PT 

M sys 

~1.0g 

structure 

Si,  Pyrex 

P  hpr^P  max 

0.5 

fluid 

water 

a.  Stroke  =  allowed  deflection  /  free  deflection 

b.  Frequency  of  the  drive  with  no  fluid  in  the  chamber 

c.  Frequency  of  the  drive  with  closed,  fluid  filled  chamber 

d.  First  mode  of  the  coupled  structural-fluid  system 

e.  Second  mode  of  the  coupled  structural-fluid  system 

The  predicted  performance  numbers  for  the  mesoscale  device,  as  well  as  the  1/1  Oth  scale 
system,  are  summarized  in  Table  5.5.  It  is  evident  that  the  expected  performance  of  the 
microscale  system  is  one  to  two  orders  of  magnitude  better  than  the  average  electrome¬ 
chanical  transducers  discussed  in  Chapter  1.  The  simulation  results  for  the  mesoscale 
design  are  shown  in  Figure  5.18.  The  results  of  the  microsystem  simulations  are  identical 
expect  for  numerical  values. 
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TABLE  5.4  MHST  final  design  characteristics  (microscale). 


Drive 

Valve 

Valve  Seat 

mp 

2e-6g 

mv 

1.26e-4g 

k 

* seat 

2.73e8  N/m 

mpiston 

6e-5  g 

*V 

272.7  N/m 

Y 

1  (im 

kp 

9.22e6  N/m 

fn 

233.9  kHz 

Valve  stroke3 

0.25 

C, 

7.09e20  Pa/m3 

8 

kjflc 

0.20 

Aeff 

2.5e-3  mm3 

Channel  Section  I 

f drive 

1615.9  kHz 

height 

0.04  mm 

fdrive 

1517.4  kHz 

Field 

0.8  kV/mm 

width 

0.05  mm 

yfr 

0.14  pm 

Fb 

2.  le-3  N 

length,  Lj 

0.3  mm 

Xfr 

7.7  pm 

R 

3.13el2  Pa/m  3/s 

Field 

1  kV/mm 

Pb 

6967.9  kPa 

'/ 

1.57e5  m'1 

Prnax 

926.13  kPa 

Pfr 

2326.9  kPa 

Pmw/Pideal 

44% 

^Imech 

10.6% 

Channel  Section  II 

vd 

9e-5  pi 

ED 

23mJ/kg 

diameter 

0.06  mm 

length,  Ljj 

0.05  mm 

R 

1.70ell  Pa/m3/s 

lf 

1.50e5  m'1 

System 

^5 

ii 

<5 

96.6  kHz 

Materials 

f2e 

2497.6  kHz 

piezoelectric 

PZN:PT 

-  le-3  g 

structure 

Si,  Pyrex 

Phpr^Pmax 

0.5 

fluid 

water 

a.  Stroke  =  allowed  deflection  /  free  deflection 

b.  Frequency  of  the  drive  with  no  fluid  in  the  chamber 

c.  Frequency  of  the  drive  with  closed,  fluid  filled  chamber 

d.  First  mode  of  the  coupled  structural-fluid  system 

e.  Second  mode  of  the  coupled  structural-fluid  system 

The  capabilities  of  the  final  design  are  the  product  of  several  factors.  The  best  performance 
was  obtained  by  driving  the  system  precisely  at  resonance.  It  is  believed  that  the  added 
viscous  resistance  of  the  thinner  channels  leads  to  a  system  that  is  more  robust  with 
respect  to  the  chaotic  behavior  observed  in  Simulation  2b.  The  electrical  signal  was  a  sinu¬ 
soidal  waveform  with  the  valves  driven  by  a  square  wave  operating  at  a  relative  phase  of 
310°  and  a  duty  cycle  of  35%.  Part  of  the  reason  for  improved  performance  in  the  final 
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design  is  that  the  system  is  able  to  be  driven  at  41%  of  the  valve  resonance,  or  f/fv  =  0.41, 
without  loss  of  flow  rectification,  which  immediately  leads  to  a  10%  increase  in  perfor¬ 
mance  over  the  baseline  system  simply  because  more  fluid  is  being  pumped.  The  redesign 
of  section  I  of  the  flow  channel,  specifically,  the  increase  in  its  height,  also  contributes  to 
the  boost  in  power  output.  The  pressure  load  was  reoptimized  and  a  final  value  of 
Php/Pmax  ~  0.5  was  used.  These  factors  are  primarily  responsible  for  the  increased  per¬ 
formance. 


TABLE  5.5  Performance  of  the  final  MHST  design 


System  scale  ( X ) 

PD  (W/kg)  T|  (%)  Q  (ml/min) 

Mesoscale  (1) 

Microscale  (0.1) 

960  63  106 

9600  51  1.1 

It  can  be  seen  in  Table  5.5  that  a  12%  decrease  in  efficiency  is  incurred  when  the  system  is 
miniaturized  to  the  microscale.  Due  to  the  smaller  cross-sectional  areas  of  the  flow  chan¬ 
nels,  it  is  to  be  expected  that  viscous  effects  will  hinder  system  performance  at  a  scale  that 
is  larger  than  the  Xcrit  identified  in  Study  10.  An  investigation  of  the  effects  of  system  scale 
on  the  performance  of  the  final  design  was  therefore  undertaken  to  ascertain  the  new  opti¬ 
mal  scale.  Figure  5.19  shows  the  results  of  the  study,  where  it  can  be  seen  that  power  den¬ 
sity  begins  to  roll  off  for  10-2  <X<  10'1.  It  is  therefore  concluded  that  the  optimal  system 
for  the  final  design  is  X  =  10'1,  corresponding  to  the  l/10th  microscale  system  described 
above.  Noticeable  in  this  plot  is  the  prominant  decrease  in  efficiency  as  scale  is  reduced  to 
the  microscale,  where  no  decrease  was  seen  in  configuration  B.  This  is  due  to  the  fact  that 
the  channels  in  the  final  design  are  much  narrower,  and  significant  viscous  effects  appear 
at  larger  scales. 

Power  Harvester 

Although  optimization  of  the  performance  of  the  corresponding  power  harvester  is  beyond 
the  scope  of  this  report,  sample  results  of  initial  model  simulations  are  included  for  illus¬ 
trative  purposes.  The  final  design  discussed  above  was  implemented  as  a  power  harvester 
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(c)  Chamber  pressure  (d)  Flow  rates 


(e)  Phase  relations  (normalized  states) 


Figure  5.18  Simulation  of  final  (mesoscale)  design:  f  =  fn  =  9.66  kHz ,/v  =  23.4  kHz.  Plot  (a) 
overlays  the  pump  displacement  (solid)  with  the  normalized  drive  signal  (dashed).  Plots  (b)  and 
(d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e)  indi¬ 
cates  the  phase  relations  between  the  normalized  pump  position  (heavy  solid),  chamber  pressure 
(solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed),  and  outlet  valve  displacement 
(dashed). 
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Figure  5.19  Performance  of  the  final  design  versus  system  scale,  The  scale  factor 
is  shown  with  respect  to  the  mesoscale  device. 


by  coupling  the  rectifying  circuit  equation  (see  Chapter  3)  and  then  applying  a  static  high 
pressure  source.  During  operation  the  valves  were  toggled  at  the  natural  frequency  of  the 
system  and  the  electrical  energy  extracted  was  stored  in  a  battery  maintained  at  one-half 
the  peak  open-circuit  excursion  voltage  of  the  piezoelectric  element.  The  time  history  of 
the  system  is  included  in  Appendix  C  as  Simulation  11.  Figure  5.20  below  shows  the  elec¬ 
trical  power  flows  in  the  mechanism  corresponding  to  these  plots.  As  discussed  in  Chapter 
3,  when  the  induced  voltage  across  the  piezoelectric  element  is  greater  than  the  battery 
voltage,  the  diode  bridge  conducts  and  the  voltage  is  clipped.  During  these  periods,  charge 
is  transferred  from  the  piezoelectric  to  the  battery  as  current  flows  through  the  diodes. 


Figure  5.20  Electrical  power  flow  in  the  power  harvester.  The  top  plot  shows  the  induced 
voltage  across  the  active  element  being  clipped  at  +/-  the  battery  voltage.  The  bottom  plot 
shows  the  currrent  to  the  battery. 

5.5  Summary 

This  chapter  identified  a  baseline  design  that  exhibited  the  characteristic  behavior  of 
MHST  systems,  discussed  the  results  of  computer  simulations  of  this  system  and 
explained  the  observed  dynamics,  presented  the  results  of  a  parameter  study  focusing  on 
the  influential  design  variables,  and  defined  a  final  design  that  represents  the  achievable 
performance  levels  of  MHSTs.  In  the  first  part  of  the  chapter  the  definition  of  the  baseline 
system  was  discussed,  with  particular  attention  given  to  the  tuning  of  the  system  by 
increasing  the  fluid  inductance.  This  was  necessary  in  order  to  lower  the  system  resonance 
below  limitations  set  by  the  valves.  It  was  shown  that  effective  system  performance  could 
only  be  gained  by  driving  the  pump  near  the  fundamental  frequency  of  the  system.  The 
simulation  results  were  analyzed  by  inspecting  the  time  histories  of  the  states  and  examin¬ 
ing  the  energy  tracking  in  the  system.  The  middle  section  of  the  chapter  dealt  with  identi¬ 
fying  those  parameters  to  be  investigated,  then  presenting  the  results  of  perturbations  of 
those  parameters.  The  final  section  of  the  chapter  used  the  information  gained  in  the  previ- 
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ous  analyses  to  define  a  final  mechanism  design  that  would  represent  the  potential  perfor¬ 
mance  levels  of  MHST  systems  and  serve  as  the  focus  of  the  feasibility  assessment. 
Finally,  the  simulation  of  the  power  harvester  was  discussed. 


Chapter  6 


CONCLUSIONS  AND 
RECOMMENDATIONS 

6.1  Summary 

The  aim  of  this  thesis  was  to  assess  the  feasibility  of  the  Micro  Hydraulic  Solid-State 
Transducer  concept.  Two  important  classes  of  electromechanical  transducers  are  actua¬ 
tors,  mechanisms  that  convert  electrical  input  energy  into  mechanical  forces  to  perform 
work  on  an  interfacing  structure  (or  other  mechanical  load)  to  alter  its  state,  and  power 
harvesters,  mechanisms  that  extract  potential  mechanical  energy  from  an  interfacing  sys¬ 
tem  and  convert  it  into  electrical  energy  that  can  be  consumed  or  stored.  An  effective  met¬ 
ric  for  comparing  transducers  for  applications  with  weight  and  size  constraints  is  the  rate 
of  energy  conversion  normalized  by  the  transducer  mass,  or  power  density.  Efficiency, 
defined  in  this  work  to  be  the  ratio  of  output  to  input  energy,  is  also  a  powerful  comparison 
tool  as  it  indicates  the  effectiveness  of  the  transduction. 

The  motivation  for  this  thesis  was  the  unexploited  power  density  capabilities  of  solid-state 
transduction  materials,  specifically,  the  recently  emergent  single-crystal  piezoelectrics. 
These  materials  are  able  to  generate  extremely  high  stresses  and,  because  of  their  high 
bulk  moduli,  have  very  large  bandwidths;  these  two  properties  engender  them  with  high 
power  densities.  However,  since  the  material’s  optimal  power  output  is  the  product  of  its 
single  stroke  energy  and  its  bandwidth,  it  is  necessary  to  operate  the  device  at  its  maxi¬ 
mum  frequency  to  realize  this  power.  Unfortunately,  most  applications  require  much 
slower  actuation  speeds  and,  as  a  result,  do  not  utilize  the  full  potential  of  the  material. 
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Additionally,  compared  to  more  conventional  transducers  such  as  electric  motors  and 
hydraulic  pistons,  piezoelectrics  are  only  capable  of  very  small  strains  which  limits  their 
usefulness  in  many  applications. 

The  major  goal  of  this  work  was  to  assess  the  feasibility  of  a  new  transducer  comprised  of 
a  microhydraulic  drive,  valves,  and  pressure  reservoirs  that  is  capable  of  efficiently 
exploiting  the  power  densities  of  single-crystal  piezoelectrics.  The  realization  of  this  goal 
depended  on  several  subsidiary  tasks,  which  formed  the  objectives  of  the  thesis.  The 
objectives  were: 

1.  Development  of  a  prototype  design 

2.  Derivation  of  an  analytical  system  model 

3.  Identification  of  the  key  issues  and  trade-offs  in  the  design  process 

4.  Investigation  of  the  effects  of  scale  on  performance 

5.  Investigation  of  the  effects  of  parameter  changes  on  system  performance 

The  MHST  concept  was  first  introduced  in  Chapter  1,  followed  by  a  discussion  of  the  pro¬ 
totype  design  and  its  principle  of  operation,  both  as  an  actuator  and  a  power  harvester.  In 
Chapter  2  the  rationale  behind  the  design  was  discussed.  The  strategy  used  in  the  design 
process  was  presented  as  well  as  the  existing  goals  and  constraints.  A  description  of  the 
system  components  was  begun  by  explaining  the  function  and  geometry  of  the  hydraulic 
amplifier  mechanism.  The  design  of  the  drive,  valves,  reservoirs,  gas  chamber,  and  flow 
channels  was  then  addressed.  The  considerations  and  results  of  the  materials  selection  pro¬ 
cess  were  then  set  forth,  followed  by  a  discussion  of  the  function  and  integration  of  the 
system  electronics.  Finally,  manufacturability  of  the  system  was  addressed  by  considering 
the  current  state  of  micromachining  technology  as  well  as  information  gained  from  the 
fabrication  of  prototype  drive  pistons.  Chapter  4  addressed  the  optimization  of  the  compo¬ 
nent  designs  using  finite  element  analysis  and  static  performance  metrics  after  the  mathe¬ 
matical  tools  necessary  had  been  presented  in  Chapter  3. 

The  analytical  system  model  was  derived  in  Chapter  3  and  consisted  of  a  theoretical  model 
that  was  used  for  numerical  simulation  of  the  integrated  system,  and  finite  element  models 


Summary 


171 


of  the  separate  components.  The  first  part  of  the  chapter  discussed  the  requirements  of  the 
model  and  the  issues  involved,  especially  the  dependence  of  fluid  behavior  on  system 
scale.  The  relevant  assumptions  were  then  set  forth,  from  which  canonical  fluidic  compo¬ 
nent  models  were  derived  which  highlighted  the  relations  of  important  design  parameters 
such  as  chamber  compliance,  fluid  inertia,  flow  resistance,  and  so  forth.  The  canonical 
models  were  then  applied  to  the  design  to  arrive  at  a  set  of  equations  that  fully  describe  the 
dynamic  behavior  of  the  MHST.  Finally,  the  use  of  the  finite  element  model  to  augment 
the  theoretical  model  by  providing  numerical  values  for  parameters  such  as  chamber  com¬ 
pliance  was  discussed. 

The  third  objective,  identification  of  the  key  issues  and  design  trade-offs,  was  ongoing 
throughout  the  thesis.  The  primary  issues  requiring  attention  in  the  design  process  are: 

•  Strong  coupling  between  structure  and  fluid  dynamics 

•  Viscous  energy  dissipation  in  valves  and  flow  channels 

•  Impact  of  chamber  compliance  and  fluid  compressibility  on  performance 

•  Potential  for  cavitation  during  operation 

•  Geometric  constraints  imposed  by  microfabrication  limitations 

•  Manufacturing  process  issues  such  as  fluid  encapsulation,  piezoelectric  ele¬ 
ment  integration,  and  alignment  and  bonding 

The  identification  of  design  trade-offs  was  discussed  primarily  in  Chapter  4.  The  most 
prominent  ones  were  found  to  be: 

Static 

•  Valve  stroke  <->  valve  bandwidth  (compliance  versus  stiffness) 

•  Large  <->  small  valves  (larger  valves  provide  greater  strokes  and  permit 
larger  flow  channel  diameters  but  have  lower  bandwidths  and  increase  sys¬ 
tem  mass) 

•  Large  <->  small  flexible  diaphragm  diameter  (a  diameter  that  is  too  small 
reduces  deflection  by  causing  the  diaphragm  to  be  clamped,  while  a  diameter 
that  is  too  large  does  the  same  by  reducing  the  hydraulic  amplification  ratio) 
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Dynamic 

•  Large  <->  small  chamber  capacitance  (a  stiff  chamber  leads  to  greater  power 
output  but  causes  the  system  frequency  to  exceed  the  valve  bandwidth). 

•  Large  <->  small  valve  stroke  (small  strokes  give  the  valve  a  greater  holding 
force  but  constrict  flow  and  lead  to  viscous  losses) 

•  Power  <->  efficiency  (it  is  possible  to  design  an  arbitrarily  efficient  system 
by  reducing  fluid  flow) 

The  study  of  performance  versus  scale  began  in  Chapter  1,  where  the  motivation  for  min¬ 
iaturization  (i.e.  increased  power  density)  was  introduced.  The  general  scaling  laws  for 
some  mechanical  phenomena  were  also  presented.  Chapter  3  then  addressed  the  modeling 
issues  related  to  scale,  particularly  with  respect  to  fluid  behavior.  Finally,  system  simula¬ 
tions  provided  numerical  results.  The  investigation  yielded  the  expected  answer:  system 
performance  increases  linearly  with  decreasing  system  scale  until  a  critical  size  is  reached 
where  viscous  effects  dominate;  there  is  no  motivation  for  miniaturization  past  this  point. 
For  the  final  design  presented  in  this  report  the  critical  size  was  found  to  be  \crit  ~  10'2, 
with  decreasing  performance  visible  past  X  ~  10'1.  These  scale  factors  are  in  reference  to 
the  mesoscale  system,  with  an  overall  size  of  roughly  1  cm,  suggesting  that  the  optimal 
system  scale  is  a  mechanism  with  an  outer  dimension  of  0.1-1  mm. 

The  final  objective,  investigation  of  the  effects  of  parameter  changes  on  system  perfor¬ 
mance,  was  executed  in  Chapter  5.  Although  perturbations  to  a  specific  system  were  stud¬ 
ied,  the  trends  obtained  are,  to  some  extent,  generalizable  to  other  microhydraulic  systems, 
and  illustrate  the  impact  certain  parameters  such  as  chamber  capacitance,  electrical  drive 
signal  characteristics,  and  pressure  load  have  on  system  behavior.  The  information  gained 
from  this  study  was  used  to  arrive  at  the  final  MHST  design. 
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6.2  Conclusions 

Feasibility 

The  predicted  performance  of  MHST  actuators  clearly  indicates  their  potential  as  an  effec¬ 
tive  transducer  technology.  Simulations  suggest  that  a  microscale  device  is  capable  of  a 
power  density  on  the  order  of  104  W/kg,  which  is  one  to  two  orders  of  magnitude  greater 
than  conventional  electromechanical  transducers.  Successful  implementation  of  this 
mechanism  would  have  a  tremendous  impact  on  a  wide  array  of  transducer  applications. 

The  feasibility  of  these  devices  is  contingent  on  the  following  issues,  which  may  be 
grouped  into  behavior  and  fabrication  related.  The  behavior  issues  are  phenomena  that 
must  be  determined  experimentally,  while  the  fabrication  issues,  already  discussed  in 
Chapter  2,  relate  primarily  to  the  success  of  future  microfabrication  research. 

Behavior 

•  Cavitation:  The  presence  of  acoustic  cavitation  in  MHST  systems  could 
impose  severe  bounds  on  their  success.  The  pnenomenon  cannot  be  pre¬ 
dicted  by  the  model  and  must  be  experimentally  investigated.  Additionally, 
measures  must  be  taken  to  ensure  to  the  uniform  pressure  in  the  chamber 
does  not  fall  below  the  vapor  pressure  of  the  working  fluid.  In  the  final 
design  simulation,  a  minimum  gage  pressure  of  -4  MPa  (-3.9  MPa  atmo¬ 
spheric)  was  observed.  Since  the  vapor  pressure  of  water  is  2339  Pa,  it  is 
clear  that  the  average  operating  pressure  of  the  chamber  must  be  biased  to  a 
higher  level,  and/or  another  liquid  must  be  used  (see  discussion  on  mercury 
as  the  working  fluid  in  Chapter  2). 

•  Component  stress  and  fatigue:  the  stress  analysis  performed  in  this  work  was 
necessarily  simplified  due  to  limited  knowledge  of  the  geometric  details  of 
the  microfabricated  structure  (e.g.  fillet  radii  at  the  diaphragm  tether  points). 
MHST  success  relies  on  the  ability  to  accurately  predict  and  control  stresses 
in  the  elastic  structures.  Furthermore,  although  single-crystal  Si  has  excel¬ 
lent  fatigue  properties,  the  high  frequencies  of  MHSTs  result  in  an  extremely 
large  number  of  deformation  cycles.  Fatigue  in  these  systems  is  therefore  an 
unknown  factor. 


174 


CONCLUSIONS  AND  RECOMMENDATIONS 


Fabrication 

•  Integration  of  the  piezoelectric  material 

•  Fluid  encapsulation 

•  Alignment  and  bonding 


Valve  limited  performance 

The  valve  is  the  primary  limiting  factor  in  the  current  MHST  design.  It  was  found  that  the 
system  was  capable  of  operating  at  very  high  frequencies  but  was  limited  by  the  band¬ 
width  of  the  valves.  The  present  valve  design  is  based  on  a  compromise  between  a  very 
compliant  structure  (permitting  a  large  valve  stroke)  and  a  very  rigid  structure  (required 
for  high  bandwidth).  An  improved  valve  would  benefit  the  system  in  two  ways.  First,  a 
faster  mechanism  would  permit  the  design  of  a  pump  system  with  a  very  high  natural  fre¬ 
quency,  increasing  the  power  output  perhaps  by  a  factor  of  3-5.  Secondly,  it  was  found 
that,  for  a  given  valve  design,  the  efficiency  of  the  system  was  largely  invariant  with 
respect  to  the  other  design  parameters.  Therefore,  implementation  of  a  valve  with  reduced 
flow  resistance  (e.g.  a  larger  stroke)  may  be  the  only  way  to  significantly  boost  the  perfor¬ 
mance  of  MHSTs. 

Structural-fluidic  dynamic  coupling 

Due  to  the  strong  interactions  between  the  structural  capacitance  and  fluid  inductance  in 
microhydraulic  systems  it  is  necessary  to  operate  MHSTs  at  or  near  their  resonant  fre¬ 
quencies.  Driving  frequencies  below  this  level  result  in  pressure  and  flow  oscillations  that 
can  lead  to  a  loss  of  flow  rectification,  while  drive  frequencies  exceeding  it  result  in  very 
little  fluid  flow.  This  requirement  can  impose  severe  restrictions  on  the  MHST  design.  For 
instance,  although  it  was  found  that  rigid  pump  chambers  allow  high  pressures  to  be  gen¬ 
erated  and  result  in  improved  power  output,  they  can  also  cause  the  system  to  have  a  natu¬ 
ral  frequency  that  exceeds  the  limitation  imposed  by  the  valve,  preventing  resonant 
operation.  The  result  is  a  fundamental  design  constraint  consisting  primarily  of  a  relation 
between  chamber  compliance,  the  fluid  inductance,  and  the  valve  bandwidth. 
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Optimal  system  scale 

The  optimal  system  scale  for  the  final  design  considered  in  this  work  was  found  to  be  A,  ~ 
10'1,  or  l/10th  the  size  of  the  mesoscale  system,  corresponding  to  an  overall  outer  diame¬ 
ter  of  1  mm.  Improved  performance  was  evident  with  further  miniaturization  to  A.  ~  10'2, 
but  at  a  reduced  rate  due  to  increasing  viscous  effects.  Although  it  is  believed  that  a  l/10th 
scale  reduction  of  the  mesoscale  MHST  is  possible,  pending  successful  elimination  of  the 
microfabrication  obstacles  listed  in  Chapter  2,  further  miniaturization  would  be  difficult 
without  modification  of  the  design. 

Parameter  sensitivity 

The  predicted  performance  of  MHSTs  is  very  sensitive  to  some  of  the  design  parameters, 
especially  the  characteristics  of  the  electrical  power  signal.  It  was  shown  that  the  phase 
relations  between  the  valve  and  pump,  the  shape  of  the  input  waveform,  and  the  proximity 
of  the  drive  frequency  to  the  valve  resonance  had  dramatic  effects  on  system  behavior.  It  is 
believed  that  this  same  sensitivity  would  be  seen  in  the  physical  system.  In  some  cases, 
such  as  the  improved  performance  obtained  by  the  excitation  of  the  valve  dynamics,  and 
the  observed  chaotic  behavior  when  driven  at  the  system  resonance,  it  is  possible  that  the 
effects  stem  from  model  sensitivy  and  is  unclear  whether  they  would  be  observed  in  the 
physical  system. 

6.3  Recommendations  for  Future  Work 

Prototype  fabrication  and  testing 

The  logical  next  step  in  the  development  of  MHSTs  is  the  fabrication,  instrumentation, 
and  testing  of  a  mesoscale  system  for  the  purposes  expounded  in  Chapter  2.  The  data 
obtained  from  these  experiments  will  serve  to  validate/update  the  model  and  provide  valu¬ 
able  insight  into  the  feasibility  of  further  miniaturization. 
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Stress  and  fatigue  analysis 

One  specific  area  of  investigation  not  addressed  in  this  work  is  the  identification  of  the 
failure  modes  of  the  mechanism.  Much  research  is  required  in  the  areas  of  stress  analysis 
and  control  in  the  Si  microstructures,  especially  fracture  mechanics  and  fatigue  character¬ 
ization.  Consideration  must  also  be  given  to  the  effects  of  various  bonding  techniques  on 
stress.  Extensive  studies  must  be  made  of  the  fillet  radii  and  surface  finish  resulting  from 
the  chosen  manufacturing  process(es).  Detailed  FEM  analyses,  augmented  by  experimen¬ 
tal  fracture  data,  can  then  be  used  to  verify  or  modify  the  design. 

Thermal  analysis 

Another  area  requiring  investigation  is  a  detailed  analysis  of  thermal  effects  in  the  sys¬ 
tems.  The  low  efficiencies  seen  in  most  of  the  simulations  suggest  that  a  significant  per¬ 
centage  of  the  energy  input  to  the  system  will  be  converted  to  thermal  energy  via  forced 
viscous  flow.  It  is  possible  that  temperature  levels  could  reach  critical  levels  that  vaporize 
the  fluid,  plastically  deform  the  structures,  or  otherwise  hinder  performance.  Measure¬ 
ments  should  therefore  be  made  to  determine  the  quantity  of  heat  that  is  generated  in  the 
prototype. 

Fundamental  microfabrication  studies 

Further  research  into  microfabrication  techniques  is  required  if  successful  MHST  are  to  be 
realized.  The  immediate  goals  of  this  research  were  stipulated  at  the  end  of  Chapter  3.  The 
viability  of  a  l/10th  scale  reduction  of  the  mesoscale  design  must  also  be  studied.  Since 
the  diaphragm  thicknesses  used  in  the  mesoscale  system  are  near  the  limits  of  those  that 
are  commercially  available,  it  will  be  necessary  to  either  develop  techniques  to  create  finer 
membranes  or  modify  the  design. 

Coupled  flow  analysis 

The  dynamics  of  MHSTs  are  such  that  the  model  presented  in  this  report  can  only  approx¬ 
imate  the  behavior  of  the  flow.  To  fully  understand  the  fluid  phenomena  in  the  system, 
numerical  flow  studies  with  coupled  fluid-structure  interaction  must  be  implemented.  As 
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mentioned  in  Chapter  3,  this  can  either  be  done  by  using  an  analysis  package  capable  of 
such  analyses,  or  by  linking  a  structural  finite  element  model  with  a  CFD  package  and  per¬ 
forming  iterative  solutions.  The  results  can  then  be  compared  with  the  experimental  data 
to  fully  characterize  the  fluid  behavior. 
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Appendix  A 

PIEZOELECTRIC  ACTUATOR 
DYNAMICS 


The  electromechanical  equations  of  motion  for  the  transducer  presented  in  Chapter  3  were 
obtained  using  the  methods  presented  in  Hagood  et  al.,1990,  "Modelling  of  Piezoelectric 
Actuator  Dynamics  for  Structural  Control,"  wherein  the  coupled  sensor  and  actuator  equa¬ 
tions  for  an  electroelastic  body  were  derived  from  Hamilton’s  principle  using  a  Ritz  for¬ 
mulation.  This  appendix  summarizes  the  technique  using  the  original  notation.  For  further 
details  the  reader  is  referred  to  the  referenced  publication. 

Ritz  Formulation  of  Electroelasticity: 

[taken  from  Hagood  et  al.,1990] 

The  derivation  begins  by  establishing  the  variational  expression  for  the  combined  electro¬ 
elastic  body.  The  generalized  form  of  Hamilton’s  principle  for  coupled  electromechanical 
systems  is: 

^[d(T-U+We-Wm)  +  W]dt  =  0  (A.l) 

for  piezoceramics  the  magnetic  terms,  Wm,  are  negligible  and  the  others  can  be  defined: 

T  =  fl-puTu  +  jl-puTu  (A.2) 
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V  =  \\sTT+]\sTT  (A-3) 

V  V 

M'.  =  J  \eTD  (A.4) 

V, 

where  the  subscripts  s  and  p  refer  to  the  structure  and  piezoelectric,  respectively.  Contribu¬ 
tions  to  the  electrical  energy,  We,  due  to  fringing  field  in  the  structure  and  free  space  are 
neglected.  Considering  only  discrete  applied  external  point  forces  at  locations  x ,  and 
applied  charges  at  a  discrete  set  of  piezoelectric  electrodes: 

nf  nq 

=  2  •  /(*«•)  -  X  ■  qj  (A..5) 

*=i  y=i 

where  D(x)  is  a  vector  of  electrical  displacements  (charge/area),  E(x)  is  the  vector  of  elec¬ 
tric  field  in  the  material  (volts/meter),  S(x)  is  the  vector  of  material  strains,  T(x)  is  the  vec¬ 
tor  of  material  stresses  (force/area),  <pO)  is  the  scalar  electrical  potential,  u(jc,)  is  the  vector 
of  mechanical  displacements,  f(xf)  is  the  vector  of  applied  force  at  location  xt,  and  qj  is  the 
charge  applied  at  electrode  j. 

The  fundamental  assumption  of  the  Rayleigh-Ritz  formulation  is  introduced  by  expressing 
the  displacement  and  potential  functions  in  terms  of  generalized  coordinates: 


u(x,  t)  =  xFf(x)r(0  =  |Vr  (jc)  -  vrn(x)J 


r,(0 


and  for  the  electrical  potential 


(p(x,  0  =  T/(,(x)v(r)  =  j\j/v  (jr)  ...  \j/vJj:)j 


Vj(0 

vm(0 


(A.6) 


(A.7) 
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where  r,  is  the  generalized  mechanical  coordinate  and  v,-  is  the  generalized  electrical  coor¬ 
dinate.  It  is  sometimes  convenient  to  let  the  v,-  represent  physical  voltages  at  the  piezoelec¬ 
tric  electrodes,  particularly  when  these  are  driven  by  a  voltage  amplifier. 

The  only  limitation  on  the  assumed  displacement  distributions,  vPn-,  is  that  they  obey  the 
geometric  boundary  conditions  while  the  only  constraint  on  the  assumed  potential  distri¬ 
butions,  XFV(-,  is  that  they  be  consistent  with  the  prescribed  voltage  boundary  conditions 
(e.g.  at  ground  the  potential  =  0)  and  are  equipotential  conductors.  Future  equations  will 
be  simplified  if  we  use  strain  and  field  basis  functions: 

S(x,  t)  =  Nr(x)r(t)  and  E(x,  t)  =  Nv(x)v(t)  (A.8) 

where 

Nr(x)  =  Lu' ¥r(x)  and  Nv( x)  =  L^v(x)  (A.9) 

Here  Lu  is  the  linear  differential  operator  for  the  particular  elasticity  problem  and  Ly  is  the 
gradient  operator. 

Allowing  arbitrary  variations  of  r  and  v,  two  matrix  equations  in  the  generalized  coordi¬ 
nates  are  obtained.  These  will  be  called  the  actuator  and  sensor  equations  of  the  electro¬ 
elastic  system. 

(Ms  +  Mp)r  +  (Ks  +  Kp)r  +  0v  =  BjF  Actuator  Equation  (A.  10) 

©Tr  +  Cpv  =  Bqq  Sensor  Equation  (A.  11) 

where  the  mass  matrices  are  defined 

Ms  =  J'I'J’oOp/I'/x)  Mp  =  \^Tr{x)9p^r{x)  (A.  12) 

v*  vp 

and  the  stiffness  matrices  are  defined  (dropping  the  integrand’s  explicit  spatial  depen¬ 
dence) 
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Ks  =  jNTrcsNr  Kp  =  jNTrRTscERsNr  (A.  13) 

v’ 

the  piezoelectric  capacitance  matrix,  Cp,  and  the  electromechanical  coupling  matrix,  0, 
are  defined: 

CP  =  J  NTvRTEeKFN,  0  =  |A ?R*e,RENr  (A.  14) 

V_  V 

P  Vf 

and  finally  the  forcing  matrices  are  defined 


*  * 

w  -  w 


where  there  are  n  mechanical  DOFs  and  m  electrical  DOFs  as  well  as  nf  forces  and  nq 
applied  charges. 
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SYSTEM  BLOCK  DIAGRAMS 


This  appendix  contains  the  Simulink  block  diagrams  that  were  used  to  implement  the  sys¬ 
tem  model  of  the  Actuator.  The  power  harvester  diagrams  have  been  omitted  because  they 
are  identical  to  those  of  the  actuator,  the  only  differences  being  sign  conventions  for  flows, 
pressure  gradients,  and  so  forth.  An  exception  is  implementation  of  the  dynamics  of  the 
drive  component,  where  only  the  actuator  equation  exists  for  the  actuator  model,  but  both 
the  actuator  and  sensor  equations  exist  for  the  power  harvester  model.  For  this  reason  both 
drive  models  are  included  in  this  appendix.  The  sensor  equation  used  is  the  diode  bridge 
rectifier  circuit  discussed  in  Chapter  3.  An  organizational  chart  illustrating  the  structure  of 
the  block  diagrams  appears  in  Figure  B.l. 
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Figure  B.l  Organizational  chart  for  the  Sitnulink  block  diagrams. 
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Figure  B.3  Chamber  continuity 
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Figure  B.5  Drive  dynamics  for  the  power  harvester.  The  top  portion  represents  power  harvesting  circuit. 
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Figure  B.7  Inlet  valve  dynamics 
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Figure  B.8  Outlet  valve  dynamics 
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(b) 

Figure  B.9  Pressure/flow  relations  for  the  (a)  inlet  and  (b)  outlet  valves 
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SIMULATIONS 


TABLE  C.1  Summary  of  simulation  performance. 


Study 

Sim. 

Config. 

PD  (W/kg) 

r\(%) 

Q  (ml/min) 

1 

a 

B 

239 

27 

44.0 

b 

B 

139 

21 

25.6 

2 

a 

B 

338 

22 

62.3 

b 

B 

- 

- 

- 

c 

B 

55 

39 

10.1 

d 

B 

- 

- 

- 

3 

a 

B 

145 

45 

26.7 

4 

a 

c 

11 

18 

33.7 

7 

a 

B 

48 

18 

8.9 

b 

D 

168 

18 

30.9 

8 

a 

B 

146 

17 

26.9 

b 

E 

281 

18 

51.6 

9 

a 

F 

361  . 

21 

66.4 

10 

a 

G 

1660 

18 

0.3 
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TABLE  C.2  Summary  of  electrical  input  characteristics  used  in  simulations 
Study  Sim.  Config.  / (kHz)  (fr  (deg)  Shape  Field  (kV/mm) 


square 

triangle 


2 

a 

B 

5.35 

0 

sine 

1 

b 

B 

6.69 

0 

sine 

1 

c 

B 

1.60 

0 

sine 

i 

d 

B 

0.1 

0 

sine 

i 

3 

a 

B 

7.43 

80 

sine 

i 

4 

a 

C 

7.43 

0 

sine 

i 

a 

a 

B 

2.01 

0 

sine 

i 

■ 

b 

D 

7.43 

0 

sine 

i 

8 

a 

B 

5.88 

0 

sine 

i 

b 

E 

7.43 

0 

sine 

i 

9 

a 

F 

7.43 

0 

sine 

i 

TABLE  C.3  Summary  of  mechanical  characteristics  used  in  simulations. 

Primary 


Secondary 


Study  Sim.  Config. 


Fluid  L,(ram)  Load3  diisc  (mm)  |  /„  (kHz)  /v(kHz)  Cs  (Pa/m3) 


1  h2o  100 

1  H20  100 

~l  H^O  lOO" 

1  H20  100 

1  H20  100 

1  H20  100 


1  H20  100 


1  h2o  1 

~l  Hg  UxT 

1  Hg  2 


1  CC14  100 

1  CC14  60 

”1  h^o  ioo” 


0.1  HzO  10 


7.09el7 

7.09el7 

7.09el7 

7.09el7 

7.09el7 

7.09el7 


7.09el7 


4.05el5 

7.09el7 

7.09el7 


7.09el7 

7.09el7 

7.09el7 


7.09el7 
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(a)  Pump  drive  and  position 


(c)  Chamber  pressure 


(b)  Valve  displacements 


(d)  Row  rates 


(e)  Phase  relations  (normalized  states) 


Figured  Simulation  la:  actuator  configuration  B,  operation  at / -  1.11 fn  using  a  first  order 
square  wave  input.  Plots  (b)  and  (d)  show  the  displacements  and  flows  of  the  inlet 
(solid)  and  outlet  (dashed)  valves.  Plot  (e)  indicates  the  phase  relations  between  the 
normalized  pump  position  (heavy  solid),  chamber  pressure  (solid),  drive  signal  (dot¬ 
ted),  inlet  valve  displacement  (dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position 


(b)  Valve  displacements 


(c)  Chamber  pressure 


0  T  2T 


time 


(e)  Phase  relations  (normalized  states) 


Figure  C.2  Simulation  lb:  actuator  configuration  B,  operation  at /=  1.11 fn  using  a  triangle  wave 
input.  Plots  (b)  and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet 
(dashed)  valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized  pump 
position  (heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  dis¬ 
placement  (dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position  (b)  Valve  displacements 


(c)  Chamber  pressure 


(d)  Flow  rates 


(e)  Phase  relations  (normalized  states) 


Figure  C.3  Simulation  2a:  actuator  configuration  B,  operation  at  the  major  peak,/=  0.$fn.  Plots 
(b)  and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed) 
valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized  pump  position 
(heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displace¬ 
ment  (dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position 
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(e)  Phase  relations  (normalized  states) 
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Figure  C.4  Simulation  2b:  actuator  configuration  B,  operation  at  resonance,  f~fn.  Plots  (b)  and  (d) 
show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e) 
indicates  the  phase  relations  between  the  normalized  pump  position  (heavy  solid),  cham¬ 
ber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed),  and  out¬ 
let  valve  displacement  (dashed). 


APPENDIX  C 


203 


(a)  Pump  drive  and  position 


i 

(c)  Chamber  pressure 


(b)  Valve  displacements 


time 


(d)  Flow  rates 


(e)  Phase  relations  (normalized  states) 


Figure  C.5  Simulation  2c:  actuator  configuration  B,  operation  at  the  minor  peak,/=  0.25^.  Plots 
(b)  and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed) 
valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized  pump  position 
(heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement 
(dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(e)  Phase  relations  (normalized  states) 


Figure  C.6  Simulation  2d:  actuator  configuration  B,  quasistatic  operation, /=  100  Hz.  Plots  (b) 
and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed) 
valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized  pump  position 
(heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement 
(dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position  (b)  Valve  displacements 


(c)  Chamber  pressure 


(d)  Row  rates 


(e)  Phase  relations  (normalized  states) 


time 


Figure  C.7  Simulation  3a:  actuator  configuration  B,  §  =  80°,/=  1.1 1 fn.  Plots  (b)  and  (d)  show  the 
displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e)  indi¬ 
cates  the  phase  relations  between  the  normalized  pump  position  (heavy  solid),  cham¬ 
ber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed),  and 
outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position  (b)  Valve  displacements 


(c)  Chamber  pressure 


(d)  Row  rates 


Figure  C.8  Simulation  4a:  actuator  configuration  C,/=  1 . 1 l/„.  Plots  (b)  and  (d)  show  the  displace¬ 
ments  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e)  indicates  the 
phase  relations  between  the  normalized  pump  position  (heavy  solid),  chamber  pressure 
(solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed),  and  outlet  valve 
displacement  (dashed). 
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(a)  Pump  drive  and  position  (b)  Valve  displacements 


(c)  Chamber  pressure 


(d)  Row  rates 


(e)  Phase  relations  (normalized  states) 


time 

Figure  C.9  Simulation  7a:  actuator  configuration  B  using  Mercury,/=  \A\fn>fn  =  2.23  kHz.  Plots 
(b)  and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed) 
valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized  pump  position 
(heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement 
(dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position 


(b)  Valve  displacements 


t - 1  1  .  r _ 1  i  - 

o  T  2T 

time 


(c)  Chamber  pressure  (d)  Flow  rates 


T  2T 

time 


Figure  CIO  Simulation  7b:  actuator  configuration  D  using  Mercury, /=  1.1  \fnJn  =  6.69  kHz.  Plots 
(b)  and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed) 
valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized  pump  position 
(heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement 
(dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position 


0  T  2T 

time 


(b)  Valve  displacements 
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(e)  Phase  relations  (normalized  states) 
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time 

Figure  C.ll  Simulation  8a:  actuator  configuration  B  using  Carbon  tetrachloride,  /  =  lAlfn,fn  = 
5.88  kHz.  Plots  (b)  and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and 
outlet  (dashed)  valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized 
pump  position  (heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet 
valve  displacement  (dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position 


(c)  Chamber  pressure 


0  T  2T 

time 


(d)  Row  rates 


(e)  Phase  relations  (normalized  states) 


Figure  C.12  Simulation  8b:  actuator  configuration  E  using  Carbon  tetrachloride,  /  =  l.ll/n,/n  = 
5.88  kHz.  Plots  (b)  and  (d)  show  the  displacements  and  flows  of  the  inlet  (solid)  and 
outlet  (dashed)  valves.  Plot  (e)  indicates  the  phase  relations  between  the  normalized 
pump  position  (heavy  solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet 
valve  displacement  (dot-dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position 


(b)  Valve  displacements 


(c)  Chamber  pressure  (d)  Flow  rates 


(e)  Phase  relations  (normalized  states) 


Figure  C.13  Simulation  9a:  actuator  configuration  F,/=  \  A\f^fn  =  6.74  kHz.  Plots  (b)  and  (d) 
show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot 
(e)  indicates  the  phase  relations  between  the  normalized  pump  position  (heavy 
solid),  chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot- 
dashed),  and  outlet  valve  displacement  (dashed). 
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(a)  Pump  drive  and  position  (b)  Valve  displacements 


(c)  Chamber  pressure 


(d)  Flow  rates 


(e)  Phase  relations  (normalized  states) 


Figure  C.14  Simulation  10a:  actuator  configuration  G,/=  1.1  lfn,fn  =  66.9  kHz.  Plots  (b)  and  (d) 
show  the  displacements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e) 
indicates  the  phase  relations  between  the  normalized  pump  position  (heavy  solid), 
chamber  pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed)! 
and  outlet  valve  displacement  (dashed). 
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(a)  Induced  field  and  pump  position  (b)  Valve  displacements 


(c)  Chamber  pressure 


(d)  Flow  rates 


(e)  Phase  relations  (normalized  states) 


Figure  C.15  Simulation  11:  power  harvester, /= fn,fn  -  66.9  kHz.  Plots  (b)  and  (d)  show  the  dis¬ 
placements  and  flows  of  the  inlet  (solid)  and  outlet  (dashed)  valves.  Plot  (e)  indicates 
the  phase  relations  between  the  normalized  pump  position  (heavy  solid),  chamber 
pressure  (solid),  drive  signal  (dotted),  inlet  valve  displacement  (dot-dashed),  and  out¬ 
let  valve  displacement  (dashed). 
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Appendix  D 

ANSYS  FINITE  ELEMENT  CODE 


VALVE  GEOMETRY  FILE 

/BATCH, LIST  !  Optional  Command  (to  run  in  batch  mode) 

/COM,  COUPLED-FIELD  ACOUSTIC  FLUID  MODEL 
/COM,  ***  BUILD  THE  MODEL  *** 

/FTLNAM,valve 
/TITLE,  valve 

/UNITS,SI  !  Select  SI  units 

/SHOW,  !  Specify  graphics  driver  for  interactive  run 

/PREP7 

/COM,  ***  ELEMENT  TYPES  *** 

ET,1,PLANE13 
ET,2,PLANE42 
ET,3,FLUID29 
ET,4,FLUID29 
ET,5,SHELL51 

KEYOPT, 1,1,7 
KEYOPT,  1,3,1 
KEYOPT,2,3,l 
KEYOPT, 2,5,2 
KEYOPT,3,3,l 
KEYOPT, 4,2,1 

/COM,  ***  MATERIALS  *** 

*ULIB , materials, txt 
*USE,TRS-A-Y,  1 
*USE, SILICONS 
*USE,WATER,3 
*USE,PYREX,4 

x  =  1  !  scale 


!  piezo  element 
!  4  node  solid  element 

!  2D  acoustic  fluid  element:  with  structural  interaction 
!  2D  acoustic  fluid  element:  no  structural  interaction 
!  axisymmetric  shell  element 

!  select  all  structural  and  volt  dofs  for  piezo  element 
!  select  axisymmetry  for  piezo  element 
!  select  axisymmetric  for  8  node  solid  element 
!  request  nodal  stress  solution 
!  select  axisymmetric  for  fluid  element 
!  select  ’no  structure  present*  option  for  element 
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/COM,  ***  STRUCTURAL  GEOMETRY  *** 


tp 

= 

600e-6*x 

!  thickness  of  top  plate 

dd 

= 

8e-3*x 

!  outside  diameter  of  pump 

db 

= 

5.7e-3*x 

!  diameter  of  the  button 

hb 

= 

1 100e-6*x 

!  thickness  of  the  button 

tb 

= 

500e-6*x 

!  thickness  of  base  plate 

*P 

= 

le-3*x 

!  length  of  the  piezo  element 

dp 

r= 

le-3*x 

!  diameter  of  the  piezo  element 

td 

=: 

10e-6*x 

!  thickness  of  the  pump  membrane 

dc 

= 

6e-3*x 

!  diameter  of  the  chamber 

he 

= 

500e-6*x 

!  height  of  the  chamber 

tv 

= 

5e-6*x 

!  thickness  of  the  valve  membrane 

dv 

= 

le-3*x 

!  diameter  of  the  valve  membrane 

ch 

= 

70e-6*x 

!  thickness  of  the  valve  cap 

cd 

= 

.25e-3*x 

!  diameter  of  valve  cap 

ddisc 

= 

.62e-3*x 

!  diameter  of  pressure  balancing  disc 

hdisc 

zz 

70e-6*x 

!  thickness  of  pressure  balancing  disc 

tol 

zz 

le-6 

!  tolerance  for  selecting  nodes 

/COM, 

***  COMMON  COORDINATES  *** 

a 

dp/4 

b 

= 

cd/2 

c 

= 

dp/2 

d 

= 

dv/2 

e 

= 

db/2 

f 

= 

dc/2 

g 

= 

dd/2 

h 

= 

tb 

i 

= 

tb+lp 

j 

= 

tb+lp+hb 

k 

= 

tb+lp+hb+hc 

1 

= 

tb+lp+hb+hc+tp 

m 

= 

tb+lp+hb+hc+tp+ch 

n 

tb+lp+hb+hc+tp+ch+hdisc 

o 

— 

ddisc/2 

R.  1.0  !  fluid  reference  pressure 

R>2»td  !  pump  membrane  thickness 

R>3,tv  !  valve  membrane  thickness 

/COM,  ***  KEYPOINTS  *** 

K,l,0,h 

K,2,a,h 

K,3,a,i 

K,4,0,i 

K,5,c,h 

K,6,c,i 

K,7,0,0 

K,8,a,0 

K,9,c,0 

K,10,f,0 
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K,ll,g,0 

K,12,g,h 

K,13,f,h 

K,14,g,i 

K,15,f,i 

K,16,e,i 

K,17,e,j 

K,18,c,j 

K,19,a,j 

K,20,0,j 

K,21,f,j 

K,22,g,j 

K,23,g,k 

K,24,f,k 

K,25,e,k 

K,26,d,k 

K,27,b,k 

K,28,0,k 

K,29,g,l 

K,30,f,l 

K,31,e,l 

K,32,d,l 

K,33,b,l 

K.34,0,1 

K,35,b,m 

K,36,0,m 

K,37,0,n 

K,38,b,n 

K,39,o,n 

K,40,o,m 


/COM,  ***  AREAS  *** 
/PNUM,AREA,1 

A, 1,2, 3, 4 

!  1:  piezo  areas 

A,2,5,6,3 

!  2 

A, 7, 8, 2,1 

!  3:  structural  areas 

A, 8, 9,5,2 

!  4 

A, 9,10, 13, 5 

!  5 

A, 10, 11,12,13 

!  6 

A, 13, 12, 14, 15 

!  7 

A,15, 14,22,21 

!  8 

A, 21, 22,23,24 

!  9 

A, 24,23,29,30 

!  10 

A,25,24,30,31 

!  11 

A, 26,25,3 1,32 

!  12 

A,6,16,17,18 

!  13 

A, 3, 6, 18, 19 

!  14 

A, 4, 3, 19,20 

!  15 

A, 28, 27,33, 34 

!  16:  fluid  areas 

A,27, 26,32,33 

!  17 

A,20, 19,27,28 

!  18 
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A,  19, 18,26,27 
A,  18, 17,25,26 
A,  17, 2 1,24,25 
A, 16, 15, 21, 17 
A,34,33,35,36 
A, 36, 35, 38, 37 
A, 35, 40,39, 38 

/COM,  ***  ASSIGN  AREA  ATTRIBUTES  *** 

LSEL,S,LOC,Y,i-tol,i+tol 

CM,pumpmem,LINE 

LATT,2,2,5 

LSEL,S,LOC,Y,l-tol,l+tol 

CM,valvemem,LINE 

LATT,2,3,5 

ASEL.S,  AREA,,  1,2 
CM, piezo, AREA 
AATT.1,,1 

ASEL.S,  AREA„3, 1 5 
CM, silicon ,  AREA 
AATT,2„2 

ASEL,S,AREA„7 

ASEL,A,AREA„9 

CM,pyrex,AREA 

AATT,4„2 

ASEL.S,  AREA,,  16,22 

CM.fluid.AREA 

AATT,3,1,3 

ASEL.S, AREA„23,25 
CM, cap, AREA 
AATT,2„2 

/COM,  ***  MESHING  *** 

ALLSEL.ALL 
vmemsize  =  25e-6*x 
pmemsize  =  25e-6*x 

!  Common  number  of  division  groups 


ndl  =  3 

nd2  =  7 

nd3  =  6 

nd4  =  2 

nd5  =  4 

nd6  =  7 

nd7  =  5 

nd8  =  5 


!  19 
!  20 
!  21 
!  22 

!  23:  valve  cap 

!  24 

125 


!  Select  the  pump  membrane 


!  Select  the  valve  membrane 


!  Select  the  piezo 

!  Use  piezo  elements 
!  Select  the  structural  silicon 

!  Use  4  node  solid  elements 

!  Select  the  pyrex 

!  Use  4  node  solid  elements 
!  Select  fluid 
!  Use  fluid  elements 
1  Select  valve  cap 
!  Use  8  node  solid  elements 


!  shell  element  length  on  valve  membrane 
!  shell  element  length  of  pump  membrane 
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nd9  =  17 

ndlO  =  3 

ndll  =  3 

ndl2  =  2 

nd!3  =  6 


.  LESIZE,l,„ndll 
LESIZE,2,„nd2 
LESIZE,3,„ndl  1 
LESIZE,4,„nd2 
LESIZE,5,„ndlO 
LESIZE,6,„nd2 
LESIZE,7,„ndlO 
LESIZE,8,„ndll 
LESIZE,9,„ndl 
LESIZE,10„,ndl 
LESIZE,ll„,ndlO 
LESIZE,12,„ndl 
LESIZE,13„,nd8 
LESIZE,14,„ndl 
LESIZE,15,„nd8 
LESIZE,16,„nd7 
LESIZE,17„,ndl 
LESIZE,18„,nd7 
LESIZE,19,„nd2 
LESIZE,20„,nd7 
LESIZE,21,„nd2 
LESIZE,22,„nd3 
LESIZE,23„,nd7 
LESIZE,24„,nd3 
LESIZE,25,„nd5 
LESIZE,26,„nd7 
LESIZE,27„,nd5 
LESIZE,28,„nd6 
LESIZE,29„  ,nd7 
LESIZE,30,„nd6 
LESIZE,31,„nd4 
LESIZE,32,„nd4 
LESIZE,33,„nd6 
LESIZE,34,„nd9 
LESIZE,35,„nd9 
LESIZE,36,„nd6 
LESIZE,37,„nd9 
LESIZE,38„,nd3 
LESIZE,39,„nd9 
LESIZE,40,„nd3 
LESIZE,41,„ndlO 
LESIZE,42,„nd3 
LESIZE,43,„ndl  1 
LESIZE,44,„nd3 
LESIZE,45,„ndl  1 
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LESIZE,46,„nd6 

LESIZE,47,„ndl  1 

LESIZE,48„,nd6 

!LESIZE,49,vmemsize*2 

LESIZE,49,„ndlO 

LESIZE.50,  vmemsi  ze 

LESIZE,51,„nd5 

LESIZE,52,„nd5 

LESIZE,53„,nd5 

LESIZE,54,„nd5 

!LESIZE,55,pmemsize*2 

LESIZE,55,„nd4 

LESIZE,56,pmemsi  ze 

LESIZE,57,„ndl2 

LESIZE,58,„ndll 

LESIZE,59,„ndl2 

LESIZE,60,„ndl2 

LESIZE,61„,ndll 

LESIZE,62,„ndl2 

LESIZE,63,„ndl3 

LESIZE,64„,nd  1 2 

LESIZE,65„,ndl3 

elsize20  =  (g-f)/nd7 
elsize35  =  (e-d)/nd9 
elsize36  =  tp/nd6 
elsize37  =  (e-c)/nd9 
elsize38  =  hb/nd3 
elsize47  =  b/ndl  1 

LMESH.valvemem 

LMESH.pumpmem 

AMESH.ALL 

/COM,  ***  NODE  SETS  *** 

NSEL,S,LOC,Y,0 

CM, bottom, NODE 

NSEL,S,LOC,X,0 

CM,center,NODE 

NSEL,S,LOC,Y,tb+lp 

NSEL,R,LOC,X,0,dp/2 

CM,top_eIec,NODE 

NSEL,S,LOC,Y,tb 

NSEL,R,LOC,X,0,dp/2 

CM,bot_elec,NODE 


!  Compute  required  element  sizes 


!  Mesh  valve  membrane 
!  Mesh  pump  membrane 


!  Select  bottom  nodes 


!  Select  center  nodes 


!  Select  the  nodes  for  the  top  electrode 


!  Select  the  nodes  for  the  bottom  electrode 


NSEL,S,LOC,X,0-tol,0+tol 

NSEL,R,LOC,Y,n-tol,n+tol 


!  Select  the  node  in  the  center  of  the  valve  cap 
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CM, vnode, NODE 

NSEL,S,LOC,X,0-tol,0+tol 

NSEL,R,LOC,Y,i-tol,i+tol 

CM,piezn,NODE 

NSEL,S,LOC,Y,n-tol,n+tol 

CM,capnodes,NODE 

NSEL,S,LOC,Y,l-elsize36 
NSEL,R,LOC,X,d 
CM, nl, NODE 

NSEL,S,LOC,Y,l-elsize36 

NSEL,R,LOC,X,d+elsize35 

CM,n2,NODE 

NSEL,S,LOC,Y,l 

NSEL,R,LOC,X,d+elsize35 

CM,n3,NODE 

NSEL,S,LOC,Y,i 

NSEL,R,LOC,X,e-elsize37 

CM,n4,NODE 

NSEL,S,LOC,Y,i+elsize38 

NSEL,R,LOC,X,e-elsize37 

CM,n5,NODE 

NSEL,S,LOC,Y,i+elsize38 
NSEL,R,LOC,X,e 
CM, n6, NODE 

NSEL,S,LOC,Y,l 

NSEL,R,LOC,X,b,d 

CM,vmnodes,NODE 

NSEL,S,LOC,Y,i 
NSEL,R,LOC,X,e,f 
CM,pmnodes,NODE 
CMGRP,keynodes,nl  ,n2,n3,n4,n5,n6 

/COM,  ***  CONSTRAINTS  *** 
CMSEL.S, bottom 
D,bottom,UX,0„„UY 

CMSEL.S, center 
dsym.symm 

NSEL,S,LOC,Y,l-tol,l+tol 

NSEL,R,LOC,X,d,d+elsize35 


!  Select  the  node  in  the  center  top  of  the  piezo 


!  Select  the  nodes  on  top  of  the  valve  cap 


!  Define  key  nodes 


!  Define  nodes  comprising  the  valve  membrane 


!  Define  nodes  comprising  pump  membrane 


!  Constrain  bottom 


!  Enforce  symmetry 
!  Couple  rotational  dofs  for  cantilever 
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CP,  1  ,ROTZ,  ALL 

NSEL,S,LOC,Y,l-tol,l+tol 

NSEL,R,LOC,X,b-elsize47,b 

CP,2,R0TZ,ALL 

NSEL,S,LOC,Y,i-tol,i+toI 

NSEL,R,LOC,X,e-elsize37,e 

CP,3,R0TZ,ALL 


NSEL,S,LOC,Y,i-tol,i+to1 

NSEL,R,LOC,X,f,f+elsize20 

CP,4,ROTZ,ALL 

/COM,  ***  STRUCTURE-FLUID  INTERACTION  *** 

ALLSEL.ALL 

ESEL,S,TYPE„3 

NSEL,S,LOC,Y,i 

NSEL,A,LOC,Y,j 

NSEL,A,LOC,Y,k 

NSEL,A,LOC,Y,l 

CM,vertcham,NODE  !  Define  the  nodes  comprising  the  floor  and  ceiling  of  the  chamber 

NSEL,S,LOC,X,d 

NSEL,A,LOC,X,e 

NSEL,A,LOC,X,f 

CM,horzcham,NODE  !  Define  the  nodes  comprising  the  vertical  wall  of  the  chamber 

!  Define  group  of  all  the  nodes  defining  the  chamber  outline 
CMGRP,chamwall,vertcham,horzcham 

CMSEL.S.chamwall 

SF,ALL,FSI  !  Enforce  fluid-structure  interaction 

/COM,  ***  AESTHETICS  *** 

ALLSEL.ALL 

/COLOR, NUM.GCYA.1 

/COLOR, NUM,DGRA,2 

/COLOR,NUM,BLUE,3 

/COLOR,NUM,LGRA,5 

/NUM,1 

/PNUM.MAT,  1 

NSEL.ALL 

/PBC,ALL„1 

/PSF,FSI,2 

EPLOT 

SAVE 

FINISH 
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STATIC  ANALYSIS  FILE 


!****  STATIC  ANALYSIS  *** 

/SOLU 

ANTYPE,HARMIC 
/COM,  ***  SOLUTION  OPTIONS  *** 

HROPT.FULL 
HARFRQ,0,1 
NSUBST.l 
ALLSELL, ALL 
EPLOT 

/COM,  ***  APPLY  LOADS  *** 
emax  =  8e5 

v  =  emax*lp 

CMSEL,S,bot_elec 
D,bot_eIec,VOLT,0 

CMSEL,S,top_elec 
D,top_elec,VOLT,v 

!  CMSEL,S,capnodes  !  To  simulate  blocked  actuator 

!D,all,UY,0 

!  CMSEL,S,capnodes  !  To  determine  effective  actuator  stiffness 

!  SF,ALL,PRES,le6 

NSEL,ALL 

SOLVE 

FINISH 

/POST1 

SET,  1,1  !  read  results  file  for  step  1,  substep  1 

ALLSEL,ALL 

ESEL.ALL  !  select  all  non-fluid  elements 

ESEL,U,TYPE„3 

ESEL,U,TYPE„4 

PLDISP,0  !  display  the  deformed  structure 

/COM,  ***  COMPUTE  VOLUMES  AND  MASSES  *** 

rhopiezo  =  8000 

rhosi  =  2300 

rhofluid  =  998 

rhopyrex  =  2520 

ALLSEL.ALL 

vinit  =  3.141592654/4*(hc*dc**2+hb*(dc**2-db**2)) 

ETABLE,vols,VOLU 

ESEL,S,MAT„1 

SSUM 

*GET,vpiezo,ssum,0,item,vols 


!  performe  a  harmonic  analysis 

!  full  solution  method 
!  pseudostatic  analysis 
!  use  1  substep 
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ESEL,S,MAT„2 

SSUM 

*GET,vsi,ssum,0,item,vols 

ESEL,S,MAT„3 

SSUM 

*GET,vfluid,ssum,0,item,vols 

ESEL,S,MAT„4 

SSUM 

♦GET,  vpyrex.ssum.O, item,  vols 

mpiezo  =  rhopiezo*vpiezo 

msi  =  rhosi*vsi 

mfluid  =  rhofluid*vfluid 

mpyrex  =  rhopyrex*vpyrex 

mtotal  =  mpiezo+msi+mfluid+mpyrex 

vtotal  =  vpiezo  +  vsi  +  vfluid  +  vpyrex 

CMSEL,S,nl 

CMSEL,A,n2 

CMSEL,A,n3 

CMSEL,A,n4 

CMSEL,A,n5 

CMSEL,A.n6 

PRNSOLN.U.COMP 

/COM,  ***  DESIGN  OPTMIZATION  PARAMETERS  **♦ 

ALLSEL.ALL 

CMSEL.S, vnode 

♦GET, tempi  ,NODE„NUM,MIN 

vdisp  =  UY(templ)  !  valve  displacement  (center) 

!goal  =  le-3/vdisp  !  function  to  minimize  (i.e.  maximize  deflection) 

ALLSEL.ALL 

CMSEL.S.piezn 

♦GET,temp2,NODE„NUM,MIN 
pdisp  =  UY  (temp2) 

ALLSEL.ALL 

ESEL,S,TYPE„3 

NSEL.S.EXT 

*GET,temp2,NODE„NUM,MIN 

press  =  PRES(temp2)  !  get  static  pressure  in  pump  chamber  (arbitrary  fluid 

node  chosen) 

ALLSEL.ALL 

CMSEL,S,capnodes 

NFORCE 

♦GET, vforce.FSUM.O, ITEM, FY  !  get  total  vertical  force  acting  on  valve 

goal2  =  1/vforce 

SAVE 

FINISH 
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PUMP  DIAPHRAGM  SUBSTRUCTURE  GEOMETRY  AND  ANALYSIS  FILE 


/BATCH,LIST 

/COM,  STRUCTURAL  MODEL 
/COM,  ***  BUILD  THE  MODEL  *** 
/FILNAM  ,pump_diaphragm 
/TITLE, pump„diaphragm 
/UNITS,SI 
/SHOW, 

/PREP7 

/COM,  ***  ELEMENT  TYPES  *** 

ET,1,PLANE82 

ET,2,SHELL5 1 

KEYOPT,  1,3,1 

KEYOPT,  1,5,2 

/COM,  ***  MATERIALS  *** 

*ULIB  ,materials,txt 
*USE, SILICONS 
*USE,PYREX,2 
*USE,STIFFnLIGHT,3 

/COM,  ***  STRUCTURAL  GEOMETRY  *** 

db  =  5/7e-3 

td  =  10e-6 

dc  =  6e-3 

tol  =  le-6 

elsize37  =  1.38e-4 

elsize38  =  2.2e-4 

R,l,td 


!  Optional  Command  (to  run  in  batch  mode) 


!  Select  SI  units 

!  Specify  graphics  driver  for  interactive  run 


!  8  node  solid  element 

!  shell  elements  to  enforce  linear  interpolation 
!  select  axisymmetric  for  8  node  solid  element 
!  request  nodal  stress  solution 


!  diameter  of  the  button 
!  thickness  of  the  diaphragm 
!  diameter  of  the  chamber 
!  selection  tolerance 
!  input  length  of  element  37 
!  input  length  of  element  38 


/COM,  ***  KEYPOINTS  *** 

K,  1  ,db/2+(dc-db)/2,0 

K,2,db/2+(dc-db)/2+elsize38,0 

K,3,db/2+(dc-db)/2+elsize38,elsize38-td 

K,4,db/2+(dc-db)/2,elsize38-td 

K,5,db/2+(dc-db)/2+elsize38,elsize38 

K,6,db/2+(dc-db)/2,elsize3  8 

K,7,db/2+(dc-db)/2+elsize38,2*elsize38-td 

K,8,db/2+(dc-db)/2,2*elsize38-td 

K,9,db/2,elsize3  8-td 

K,10,db/2,elsize38 

K,1  l,db/2-elsize37,elsize38-td 

K,  1 2,db/2-elsize37,elsize38 

K,  1 3,db/2,2*elsize38-td 

K,  14,db/2-elsize37,2*elsize38-td 


/COM,  ***  AREAS  *** 
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/PNUM,AREA,1 
A, 1,2, 3, 4 
A, 4, 3, 5, 6 
A, 6, 5, 7, 8 
A,9,4,6,10 
A,1 1,9,10,12 
A, 12, 10, 13, 14 

/COM,  *♦*  ASSIGN  AREA  ATTRIBUTES  *** 

ASEL.ALL  !  Select  all  areas 

AATT,1„1  !  Use  8  node  solid  elements 

ASEL,S,AREA„1  !  Select  the  pyrex 

AATT,2„1 

LSEL,S,LINE„16 

LSEL,A,LINE„18,19 

LATT,3,1,2 


/COM,  ***  MESHING  *** 
ALLSEL.ALL 
ESIZE,2*td 
te  =  td/4 


LESIZE,5,te 

LESIZE,7,te 

LESIZE,13,te 

LESIZE,16,te 

n  =  2 

ments 

LESIZE,ll,te*2 

LESIZE,12,te*2 

KSEL,S,KP„4,6,2 
KSEL,A,KP„9,10 
RESIZE, ALL, te 

ESHAPE.3 

ASEL,S,AREA„2 

ASEL,A,AREA„4,5 

AMESH.ALL 

ESHAPE.4 

ASEL.INVE 

AMESH,ALL 

LMESH.16 

LMESH,18,19 


!  Global  element  size 

!  Number  of  elements  through  diaphragm  thickness 
!  Elements  through  thickness  of  diaphragm 


!  Request  an  aspect  ratio  of  2  for  the  interior  beam  ele- 


!  Request  finer  mesh  at  the  comers 


!  Use  mapped  meshing 


!  Use  free  meshing 


/COM,  ***  NODE  SETS  *** 
NSEL,S,LOC,Y,0-tol,0+tol 


!  Select  bottommost  nodes 
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CM,bottom,NODE 

NSEL,S,LOC,Y,(2*elsize38-td)-tol,(2*elsize38-td)+tol  i  Select  the  upper  right  nodes 

NSEL,R,LOC,X,db/2+(dc-db)/2,db/2+(dc-db)/2+elsize38 

CM,topright,NODE 

NSEL,S,LOC,X,(db/2+(dc-db)/2+eIsizc38)-tol,(db/2+(dc-db)/2+elsize38)+tol!  Select  rightmost  nodes 
CM, right, NODE 

NSEL,S,LOC,X,0-tol,0+tol  !  Select  center  nodes 

CM, center, NODE 

NSEL,S,LOC,X,db/2,db/2+(dc-db)/2  !  Select  the  nodes  exposed  to  pressure 

NSEL,R,LOC,Y,elsize38,2*elsize38-td 

CM,wet,NODE 

/COM,  ***  CONSTRAINTS  *** 

n4x  =  -.22e-7 

n4y  =  .lle-5 

n5x  =  -.15e-7 

n5y  =  .lle-5 

n6x  =  -.15e-7 

n6y  =  .lle-5 

CMSEL,S, bottom  !  Fix  nodes 

CMSEL,A,right 

CMSEL,A,topright 

D,ALL,UX,0„„UY 

NSEL,S,LOC,Y,elsize38-td 

NSEL,R,LOC,X,db/2-elsize37 

D,ALL,UX,n4x 

D,ALL,UY,n4y 

NSEL,S,LOC,Y,2*elsize38-td 

NSEL,R,LOC,X,db/2-elsize37 

D,ALL,UX,n5x 

D,ALL,UY,n5y 

NSEL,S,LOC,Y,2*elsize38-td 

NSEL,R,LOC,X,db/2 

D,ALL,UX,n6x 

D,ALL,UY,n6y 

NSEL,S,LOC,Y,2*elsize38-td  !  couple  rotational  dofs 

NSEL,R,LOC,X,db/2-elsize37,db/2 

CP,NEXT,  ROTZ,  ALL 


NSEL,S,LOC,X,db/2-elsize37 
NSEL,U,LOC,Y,2*elsize38-td 
CRNEXT, ROTZ, ALL 


!  remove  repeated  node 
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NSEL.ALL 

/PBC,ALL„1 

EPLOT 

SAVE 

FINISH 

/COM,  ♦♦♦STATIC  ANALYSIS  **♦ 

/SOLU 

ANTYPE, STATIC 

p  =  232690  !  externally  applied  pump  chamber  pressure 

ALLSEL.ALL 

EPLOT 

SF, wet, PRES, p  !  apply  pressure  load  to  membrane 

SOLVE 

FINISH 

/POST1 

PLDISP.O 
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VALVE  DIAPHRAGM  SUBSTRUCTURE  GEOMETRY  AND  ANALYSIS  FILE 


/BATCH, LIST 

/COM,  STRUCTURAL  MODEL 

/COM,  ***  BUILD  THE  MODEL  *** 

/FILNAM,valve_diaphragm 

/TITLE, valve_diaphragm 

/UNITS,SI 

/SHOW, 

/PREP7 

/COM,  ***  ELEMENT  TYPES  *** 

ET,1,PLANE82 

ET,2,SHELL51 

KEYOPT, 1,3,1 

KEYOPT,l,5,2 

/COM,  ***  MATERIALS  *** 

*ULIB  ,materials,txt 
*USE, SILICON,  1 
*USE,STIFFnLIGHT,2 

/COM,  ***  STRUCTURAL  GEOMETRY  *** 
tv  -  5e-6 

dv  =  le-3 

ch  -  70e-6 

cd  =  .25e-3 

elsize35  =  1.38e-4 

elsize36  =  6.67e-5 


!  Optional  Command  (to  run  in  batch  mode) 


!  Select  SI  units 

!  Specify  graphics  driver  for  interactive  run 


!  8  node  solid  element 

!  shell  elements  to  enfore  linear  interpolation 
!  select  axisymmetric  for  8  node  solid  element 
!  request  nodal  stress  solution 


!  thickness  of  the  valve  diaphragm 
!  diameter  of  the  valve  diaphragm 
!  thickness  of  the  valve  cap 
!  diameter  of  valve  cap 
!  input  length  of  element  35 
!  input  length  of  element  36 


R,l,tv 

/COM,  ***  KEYPOINTS  *** 

K,l,dv/2,0 

K,2,dv/2+elsize35,0 

K,3,dv/2+eIsize35,elsize36-tv 

K,4,dv/2,elsize36-tv 

K,5,dv/2+elsize35,elsize36 

K,6,dv/2,elsize36 

K,7,cd/2,elsize36-tv 

K,8,cd/2,elsize36 

K,9,0,elsize36-tv 

K,10,0,elsize36 

K,1  l,cd/2,elsize36+ch 

K,  1 2,0,eisize3  6+ch 

/COM,  ***  AREAS  *** 

/PNUM,AREA,1 

A,  1,2, 3, 4 

A, 4, 3, 5,6 

A,7,4,6,8 
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A,9,7,8,10 

A,10,8,ll,12 

/COM,  ***  ASSIGN  AREA  ATTRIBUTES  *** 

ASEL,ALL  !  Select  all  areas 

AATT,1„1  !  Use  8  node  solid  elements 

LSEL.S, LINE,,  1,2 

LSEL,A,LINE„5 

LATT,2,1,2 

/COM,  ***  MESHING  *** 

!  Global  element  size 

!  Number  of  elements  through  diaphragm  thickness 
!  Elements  through  thickness  of  diaphragm 


!  Request  an  aspect  ratio  of  2  for  the  interior  beam  ele- 


!  Request  finer  mesh  at  the  comers 


!  Use  mapped  meshing 

ASEL,S,AREA„2,4 

AMESH.ALL 

ESHAPE,4  j  Use  free  meshing 

ASEL.INVE 

AMESH.ALL 

LMESH,1,2 

LMESH.5 

/COM,  ***  NODE  SETS  *** 

NSEL,S,LOC,Y,0  !  Select  bottommost  nodes 

CM.bottom.NODE 

NSEL,S,LOC,X,dv/2+elsize35  !  Select  rightmost  nodes 

CM, right, NODE 

NSEL,S,LOC,X,LOC,0  !  Select  center  nodes 

CM, center, NODE 


ALLSEL.ALL 
ESIZE,5*tv 
te  =  tv/4 

LESIZE,5,te 

LESIZE,7,te 

LESIZE.lO.te 

LESIZE,13,te 

n  =  2 

ments 

LESIZE,8,te*2 

LESIZE,9,te*2 

KSEL,S,KP„4,6,2 
KSEL,A,KP„7,8 
RESIZE, ALL, te 

ESHAPE.3 


NSEL,S,LOC,Y,elsize36-tv 

NSEL,R,LOC,X,0,dv/2 


!  Select  the  nodes  exposed  to  the  pressure 
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NSEL,A,LOC,X,dv/2 
NSEL,R,LOC,Y,0,elsize36-tv 
CM, wet, NODE 

NSEL,S,LOC,X,0  !  Select  the  node  in  the  center  of  the  valve  diaphragm 

NSEL,R,LOC,Y,elsize36+ch 

CM, vnode, NODE 

/COM,  ***  CONSTRAINTS  *** 

nlx  =  .43e-7 

nly  =  .55e-6 

n2x  =  .41e-7 

n2y  =  .53e-6 

n3x  =  .55e-7 

n3y  =  ,53e-6 

CMSEL.S, center 

dsym,symm  !  Enforce  symmetry 

NSEL,S,LOC,Y,0 
NSEL,R,LOC,X,dv/2 
D,ALL,UX,nlx 
D,ALL,UY,nly 

NSEL,S,LOC,Y,0 
NSEL,R,LOC,X,dv/2+elsize35 
D,ALL,UX,n2x 
D,ALL,UY,n2y 

NSEL,S,LOC,Y,elsize36 
NSEL,R,LOC,X,dv/2+elsize35 
D,ALL,UX,n3x 
D,ALL,UY,n3y 

NSEL,S,LOC,Y,0 
CP,NEXT,ROTZ,ALL 
NSEL,S,LOC,X,dv/2+elsize35 
NSEL,U,LOC,Y,0 
CP,NEXT,ROTZ,ALL 

NSEL.ALL 
/PBC,ALL„1 
EPLOT 
SAVE 
FINISH 

/COM,  ***STATIC  ANALYSIS  *** 

/SOLU 

ANTYPE,STATIC 


!  couple  rotational  dofs  together 
!  unselect  the  repeated  node 


p  =  232690 


!  externally  applied  pump  chamber  pressure  (Pa) 
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ALLSEL.ALL 

EPLOT 

SF,wet,PRES,p 

SOLVE 

FINISH 

/POST1 

PLDISP.O 


!  apply  pressure  load  to  membrane 
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Design,  Modeling,  Fabrication,  and  Testing  of  a  Piezoelectric  Microvalve  for 
High  Pressure,  High  Frequency  Hydraulic  Applications 

by 

David  C.  Roberts 

Submitted  to  the  Department  of  Mechanical  Engineering  on  January  10,  2002,  in  partial  fulfillment  of 
the  requirements  for  the  Degree  of  Doctor  of  Philosophy  in  Mechanical  Engineering. 

Abstract 


A  piezoelectrically-driven  hydraulic  amplification  microvalve  for  use  in  high  specific  power  hydraulic 
pumping  applications  was  designed,  fabricated,  and  experimentally  characterized.  High  frequency,  high 
force  actuation  capabilities  were  enabled  through  the  incorporation  of  one  or  more  bulk  piezoelectric 
material  elements  beneath  a  micromachined  annular  tethered-piston  structure.  An  hydraulic  ampli¬ 
fication  mechanism  was  employed  to  amplify  the  limited  stroke  of  this  piezoelectrically-driven  piston 
structure  to  a  significantly  larger  motion  (40-50x)  of  a  micromachined  valve  membrane  with  attached 
valve  cap.  This  valve  cap  was  actuated  through  its  stroke  to  open  and  close  against  a  fluid  orifice.  These 
design  features  enabled  the  valve  device  to  simultaneously  meet  a  set  of  high  frequency  (l-10kHz),  high 
pressure(O.l-lMPa),  and  large  stroke  (15-40/im)  requirements  that  had  not  previously  been  satisfied  by 
other  microvalves  presented  in  the  literature. 

This  research  was  carried  out  through  a  series  of  modeling,  design,  fabrication,  assembly,  and  experi¬ 
mental  testing  tasks.  Linear  and  non-linear  modeling  tools  characterizing  the  structural  deformations  of 
the  active  valve  sub-systems  were  developed.  These  tools  enabled  accurate  prediction  of  real-time  stresses 
along  the  micromachined  valve  membrane  structure  during  deflection  into  its  non-linear  large-deflection 
regime.  A  systematic  design  procedure  was  developed  to  generate  an  active  valve  geometry  to  satisfy 
membrane  stress  limitations  and  valve  power  consumption  requirements  set  forth  by  external  hydraulic 
system  performance  goals.  Fabrication  challenges,  such  as  deep-reactive  ion  etching  (DRIE)  of  the  drive 
element  and  valve  membrane  structures,  wafer-level  silicon-to-silicon  fusion  bonding  and  silicon-to-glass 
anodic  bonding  operations,  preparation  and  integration  of  piezoelectric  material  elements  within  the 
micromachined  tethered  piston  structure,  die-level  assembly  and  bonding  of  silicon  and  glass  dies,  and 
filling  of  degassed  fluid  within  the  hydraulic  amplification  chamber  were  overcome. 

The  active  valve  structural  behavior  and  flow  regulation  capabilities  were  evaluated  over  a  range 
of  applied  piezoelectric  voltages,  actuation  frequencies,  and  differential  pressures  across  the  valve.  For 
applied  piezoelectric  voltages  up  to  500Vpp  at  1kHz,  the  valve  devices  demonstrated  amplification  ratios 
of  drive  element  deflection  to  valve  cap  deflection  of  40-50x.  These  amplification  ratios  correlated  within 
5  —  10%  of  the  model  expectations.  Flow  regulation  experiments  proved  that  a  peak  average  flow  rate 
through  the  device  of  0.21mL/s  under  a  1kHz  sinusoidal  drive  voltage  of  500Vpp,  with  valve  opening  of 
17 finij  against  a  differential  pressure  of  260kPa  could  be  obtained.  Tests  revealed  that  fluid-structural 
interactions  between  the  valve  cap  and  membrane  components  and  flow  instabilities  (due  to  transition 
between  the  laminar  and  turbulent  flow  regimes  through  the  valve  orifice)  limited  the  valve  performance 
capabilities. 
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Chapter  1 


Introduction 


1.1  Motivation 

The  development  of  a  fluidic  microvalve,  capable  of  high  frequency  control  of  high  pressure 
liquid  fluid  flows,  is  a  key  task  in  the  realization  of  high  specific  power  (j^)  micropumping 
technology.  Currently,  many  research  efforts  around  the  world  are  underway  to  develop  compact 
liquid  micropumping  systems,  the  term  “micro”  referring  to  devices  which  are  created  with 
fabrication  procedures  capable  of  fim- size  tolerances  and  which  produce  overall  micropump 
dimensions  on  the  order  of  a  few  millimeters  to  a  few  centimeters.  However,  the  vast  majority 
of  these  systems  are  designed  for  low  pressure  and  low  flow  rate  applications  [1]  [2]  [3]  [4]  [5] 
such  as  drug  dispensing  and  microdosing  [6]  [7]  [8].  The  higher  performing  of  these  systems 
axe  capable  of  pumping  liquids  with  flow  rates  on  the  order  of  1000-3000^^  (0.017-0.050—^) 
against  differential  pressures  of  between  lOkPa  and  50kPa.  With  a  typical  device  mass  on 
the  order  of  ~1  gram,  these  performance  values  correlate  to  device-level  specific  powers  below 

In  an  effort  to  develop  high  specific  power  micropumping  technology  (with  specific  powers 
~100-1000j^)  for  both  actuation  and  power  generation  applications,  a  novel  class  of  Micro- 
Hydraulic  Transducer  (MHT)  devices  has  been  introduced  [1]  [10]  [11]  [12]  [13].  These  devices 
combine  bulk  piezoelectric  materials  with  stiff  micromachined  structural  elements  and  are  de¬ 
signed  to  enable  high  frequency  pumping  of  fluid  (10-20kHz)  against  pressure  differentials  on 
the  order  of  ~l-2MPa,  creating  flow  rates  near  or  in  excess  of  1°^. 

Piezoelectric  materials  are  well-suited  for  transducer  applications  because  of  their  inherently 
high  peak  specific  powers.  Figure  1.1  provides  a  comparison  of  the  single  stroke  specific  energy 
(^),  bandwidth  (kHz),  and  theoretical  peak  specific  power  (j^)  for  a  variety  of  transducer  ma¬ 
terials  [14]  [15]  [16].  The  product  of  a  material’s  single  stroke  specific  energy  and  its  bandwidth 
provides  a  value  for  the  material’s  specific  power  ( ||).  Shape-memory  alloy  materials  (denoted 
SMA),  for  example,  possess  a  relatively  large  single  stroke  specific  work  (~  5000^)  in  com- 
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parison  to  that  of  standard  polycrystalline  piezoelectric  materials  such  as  PZT-5H  (  10^). 

The  maximum  operational  frequency,  or  bandwidth  10Hz),  of  SMA  materials,  however,  is 
significantly  less  than  that  of  standard  piezoelectrics  (~  100kHz).  SMA  materials  and  standard 
piezoelectrics  both  possess  specific  powers  near  100  j|,  however,  their  optimal  implementation 
as  actuation  mechanisms  is  far  different.  In  an  application  where  low  frequency,  large  stroke  ac¬ 
tuation  is  desired  (such  as  an  on-off  microvalve),  the  use  of  an  SMA  material  might  be  preferred 
over  a  standard  piezoelectric  material.  Conversely,  for  an  application  whereby  high  frequency, 
low  stroke  actuation  is  required,  a  piezoelectric  material  may  be  preferred.  In  fact,  for  this 
reason,  the  vast  majority  of  high  frequency  micropumping  systems  use  piezoelectric  materials 
as  their  actuation  mechanism  in  conjunction  with  fast-acting  valves.  The  recent  development  of 
single-crystal  ferroelectric  materials  (e.g.  PZN-PT),  characterized  by  specific  powers  approach¬ 
ing  10^  (~100x  greater  than  those  of  standard  polycrystalline  PZT  materials)  [17],  offers 
further  advantages  in  strain  capability  over  the  standard  piezoelectrics.  These  high  performing 
materials,  however,  have  yet  to  be  integrated  within  high  frequency  micropumping  systems. 

The  piezoelectric  micropumping  devices  and  systems  that  have  been  presented  in  the  lit¬ 
erature  up  until  this  time  typically  utilize  one  of  two  actuation  methods  as  a  means  to  pump 
fluid,  either  (1)  a  deposited  thin-film,  thick  disk,  or  bimorph  of  piezoelectric  material  [2]  [3] 
[6]  in  contact  with  a  compliant  membrane,  or  (2)  a  direct-drive  stack  actuator  in  contact  with 
a  moveable  silicon  diaphragm.  The  thin-film,  thick-film,  and  bimorph  structural  designs  pre¬ 
sented  are  not  conducive  to  both  high  force  and  high-frequency  operation.  The  direct-drive 
stack  actuation  designs  [18]  [19]  [20]  are  capable  of  achieving  higher  frequency  operation  than 
the  thin-film,  thick-film,  and  bimorph  designs,  however  the  presented  micropump  devices  us¬ 
ing  these  designs  are  limited  in  their  flow  rate,  pressurization,  and  frequency  capabilities  due 
to  inadequacies  of  the  accompanying  one-way  passive  valves  used  to  regulate  the  fluid  flow. 
Additionally,  these  previously  presented  direct-drive  stack  designs  require  a  significant  length 
of  piezoelectric  actuation  material  to  create  the  deflection  and  fluid  pumping  volume  required 
for  reasonable  fluid  flow  rates.  Due  to  this  significant  actuator  size,  an  epoxy  bonding  agent 
and  a  relatively  compliant  silicon  diaphragm  are  required  to  tolerance  the  piezoelectric  material 
within  the  structures.  The  key  design  feature  which  differentiates  Micro-Hydraulic  Transducer 
devices  from  these  previous  piezoelectric  micropumps  is  the  incorporation  of  a  stiff  microma- 
chined  structural  piston-like”  actuation  element  not  only  within  the  pumping  chamber  of  the 
device,  but  also  within  accompanying  flow  regulation  active  valves.  The  annularly-tethered 
micromachined  piston  ’  structure,  driven  by  miniature  bulk  piezoelectric  elements  (almost  an 
order  of  magnitude  smaller  than  those  used  in  [18]  [19]  [20])  attached  using  a  thin-film  eutectic 
alloy  bond,  can  achieve  structural  frequencies  well  above  10kHz  and  can  actuate  against  fluid 
pressurizations  near  IMPa.  The  implementation  of  such  a  stiff  structure  within  fluidic  systems 
can  enable  significantly  higher  frequency  and  pressurization  capabilities  than  the  previously 
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Figure  1.1:  Upper  bound  on  specific  work  vs.  frequency  for  various  actuation  media.  SMA  is 
shape-memory  alloy;  PZN-PT  is  single-crystal  piezoelectric;  MSM  is  magnetic  shape  memory 
materials. 


presented  piezoelectric  micropumps. 

As  shown  in  Figure  1.2,  a  Micro-Hydraulic  Transducer  system  consists  of  a  piezoelectric 
pump  chamber,  two  actively  controlled  valves,  and  a  low  and  high  pressure  fluid  reservoir.  In 
the  MHT  actuator,  electrical  energy  supplied  to  the  piezoelectric  pump  chamber  results  in  a 
pumping  of  fluid  through  the  valves  from  the  low  to  high  pressure  reservoir.  In  the  MHT  power 
harvester,  sequenced  operation  of  the  valves  results  in  fluid  flow  from  the  high  to  low  pressure 
reservoir,  producing  a  “pinging”  of  the  piezoelectric  element  within  the  pump  chamber.  This 
cyclic  strain  on  the  element  induces  electrical  charge,  which  can  be  rectified  and  stored.  The 
specific  power  of  these  transducer  devices  scales  linearly  with  the  frequency  of  operation  and  the 
pressure  drop  across  which  the  device  can  operate.  Since  structural  frequencies  scale  inversely 
with  the  geometric  size  of  the  device,  it  is  advantageous  to  build  these  systems  as  small  as 
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possible,  hence  the  need  for  MEMS  fabrication  and  process  technologies.  The  performance  of 
these  MHT  systems  is  directly  governed  by  the  capabilities  of  the  active  valves,  which  regulate 
flow  into  and  out  of  the  pump  chamber.  As  a  result,  to  achieve  high  specific  power  Micro- 
Hydraulic  Transducer  devices,  a  compact  high  frequency,  high  pressure  active  valve  is  required. 
The  development  of  such  an  active  valve  is  the  subject  of  this  thesis. 


Electrical  Rower 


(a) 


Figure  1.2:  Schematics  of  Micro-Hydraulic  Transducer  systems:  (a)  MHT  actuator  system, 
(b)  MHT  power  harvesting  system.  High  specific  power  is  achieved  through  the  integration  of 
piezoelectric  material  with  structural  stiff  small-scale  hydraulic  systems. 


1.2  Overview  of  Previous  Microvalve  Technology 

Although  a  significant  amount  of  literature  is  available  describing  the  development  of  active 
valve  devices  and  technology,  few  if  any  have  been  designed  for  high  frequency  control  of 
high  pressure  liquid  fluid  flows.  Novel  microvalve  designs  using  thermopneumatic  actuation 
[21]  [22],  thermal  bimetallic  actuation  [24],  SMA  actuation  [23],  electrostatic  actuation  [25] 
[26],  electromagnetic  actuation  [27]  [28],  piezoelectric  bender-type  actuation  (both  thin-film 
and  thick  film)  [29]  [30]  [31],  and  piezoelectric  stack-type  actuation  [18]  [19]  [20]  have  been 
presented.  A  sampling  of  previously  reported  microvalves  is  shown  in  Figure  1.3  and  Figure 
1.4. 


(a)  Thermopneumatic  Actuation 


(b)  Thermal  Bimetallic  Actuation 


,TiNi  actuator 


(c)  Shape  Memory  Alloy  Actuation 


Valve  open 

(d)  Electrostatic  Actuation 


(e)  Electromagnetic  Actuation 


Figure  1.3:  Previously  reported  microvalves:  (a)  thermopneumatic  actuation,  Rich  [22],  (b) 
thermal  bimetallic  actuation,  Jerman  [24],  (c)  shape  memory  alloy  actuation,  Huff  [23],  (d) 
electrostatic  actuation,  Huff  [25],  and  (e)  electromagnetic  actuation,  Pourahmadi  [27]. 


Figure  1.3(a)  shows  a  thermopneumatic  microvalve  [22]  for  control  of  gas  flows.  A  valve  cen¬ 
tral  boss  is  supported  by  a  corrugated  silicon  membrane.  The  deflection  of  the  boss  is  controlled 
by  the  vapor  pressure  of  the  heated  working  fluid  (parylene)  within  the  contained  chamber.  A 
micromachined  heater  grid  exists  within  the  chamber  to  increase  the  fluid  temperature.  For 
typical  operation,  a  temperature  of  80°C  (and  a  corresponding  power  dissipation  of  300m W)  is 
required  to  move  the  valve  boss  through  a  stroke  of  9 fxm  in  a  time  of  approximately  15  seconds. 
Maximum  pressure  rise  within  the  fluid  chamber  was  reported  to  be  lOOkPa. 

Figure  1.3(b)  illustrates  a  thermal  bimetallic  valve  [24]  for  use  in  pneumatic  closed-loop 
pressure  or  flow  control  applications.  The  valve  consists  of  a  diaphragm  actuator  with  a  cen¬ 
tral  boss  which  mates  to  an  etched  silicon  valve  body.  The  actuator  includes  a  circular  silicon 
diaphragm  with  integrated  diffused  resistors  and  an  annular  region  of  deposited  aluminum.  As 
current  is  passed  through  the  resistors,  the  diaphragm  increases  in  temperature.  The  thermal 
expansion  mismatch  between  the  silicon  and  aluminum  results  in  a  controlled  displacement  of 
the  central  boss.  An  operational  boss  deflection  of  15 fim  was  obtained  in  response  to  a  temper¬ 
ature  increase  of  100°C  (and  a  reported  corresponding  power  dissipation  of  1W).  Regulation  of 
200kPa  differential  pressure  gas  flows  in  an  on-off  fashion  was  demonstrated,  resulting  in  gas 
flow  rates  of  up  to  2mL/s.  No  actuation  response  time  was  reported. 

Figure  1.3(c)  displays  a  shape-memory  alloy  (titanium  nickel)  actuated  microvalve  [23]  for 
precise  regulation  of  liquid  fluid  flow  in  micro-chemical  analysis  and  drug  delivery  applications. 
The  shape-memory  effect  is  an  athermal  phase  transformation  between  the  austenitic  (high 
temperature  rigid)  and  martensitic  (low  temperature  ductile)  phases.  In  this  valve,  a  TiNi 
diaphragm  with  attached  silicon  boss  is  actuated  to  open  and  close  against  a  micromachined 
orifice.  The  valve  was  tested  in  an  on-off  fashion  and  it  was  reported  to  enable  a  liquid  (DI 
water)  flow  rate  of  O.lmL/s  for  an  applied  differential  pressure  of  5kPa.  Maximum  stroke  of 
the  valve  boss  was  not  reported. 

Figure  1.3(d)  displays  an  electrostatic  microvalve  [25]  with  a  pressure-balancing  structural 
feature  that  allows  it  to  control  fluids  at  pressures  significantly  larger  than  the  necessary  actua¬ 
tion  pressure.  The  fluid  provides  a  balancing  force  on  the  moving  part  of  the  structure  thereby 
reducing  the  force  required  to  open  the  valve.  The  moving  part  of  the  valve  is  a  plunger  which 
is  actuated  vertically,  and  consists  of  a  center-bossed  circular  base  and  cap.  Electrostatic  ac¬ 
tuation  is  enabled  through  a  small  gap  between  the  underside  of  the  membrane  and  the  top 
surface  of  a  bottom  support  structure.  This  on-off  valve  was  able  to  control  220kPa  differential 
gas  flows  with  an  actuation  voltage  of  210V,  resulting  in  a  peak  flow  rate  of  2.5mL/s.  Due  to 
significant  ohmic  heating  in  the  device  (because  of  a  poor  oxide  layer),  power  dissipation  was 
reported  to  be  greater  than  10W. 

Figure  1.3(e)  illustrates  an  electromagnetic  microvalve  [27]  designed  for  applications  requir¬ 
ing  large  stroke  and  large  on-off  gas  flow  rates.  The  microvalve  consists  of  a  solenoid  housing 
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(a)  Piezoelectric  thin-Film  Actuation 


valve  seat 


(b)  Piezoelectric  Thick-Film  Actuation 


(c)  Piezoelectric  Stack  Actuation 


Figure  1.4:  Previously  reported  piezoelectric  microvalves:  (a)  piezoelectric  thin-film  actuation, 
Watanabe  [30],  (b)  piezoelectric  thick-film  actuation,  Kluge  [31],  and  (c)  piezoelectric  stack 
actuation,  Esashi  [19]. 


and  a  plunger  which  is  rigidly  attached  to  a  diaphragm  structure.  Current  applied  to  the 
solenoid  results  in  a  motion  of  the  plunger  against  a  micromachined  orifice.  Dimensions  of  the 
solenoid  attachment  are  unknown,  however  the  author  states  that  the  application  for  this  valve 
does  not  require  the  device  to  fit  within  a  compact  volume.  For  on-off  operation,  this  direct 
drive  is  reported  to  achieve  a  maximum  valve  cap  displacement  of  100 Jim  against  a  differential 
pressure  of  90kPa,  resulting  in  peak  flow  rates  near  5mL/s.  Power  dissipation  was  reported  to 
be  greater  than  1W. 

Figure  1.4(a)  displays  a  portion  of  a  piezo  electrically-driven  microvalve  matrix  [30]  for  con¬ 
trolling  precise  levels  of  gas  flow.  The  valve  is  constructed  of  a  thin  beam  with  a  round  valve 
cap  at  the  center  and  a  valve  seat  of  piezoelectric  thin-film  bifurcated  in  the  normal  direction. 
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The  valve  is  normally  closed  due  to  a  residual  stress  in  the  beam.  For  voltage  applied  to  the 
valve  seat,  the  piezoelectric  film  shrinks  and  the  inner  edge  moves  radially  outward  thereby 
increasing  the  flow  area  between  the  valve  cap  and  this  inner  edge.  The  outer  diameter  of  the 
piezoelectric  thin-film  is  600 gm  and  its  thickness  is  lpm.  In  response  to  a  voltage  of  IV,  the 
valve  was  reported  to  actuate  against  a  differential  pressure  of  O.lkPa,  resulting  in  a  gas  flow 
rate  of  2mL/s. 

Figure  1.4(b)  illustrates  a  thick-film  piezoelectrically-actuated  microvalve  [31]  for  use  in 
high  gas  flow  applications.  The  valve  consists  of  a  micromachined  valve  cap  and  membrane 
structure  with  an  attached  (via  epoxy)  piezoceramic  disk  to  actuate  the  valve  cap  against  a 
micromachined  valve  seat  orifice.  The  valve  seat  diameter  is  2.25mm  and  the  achievable  stroke 
of  the  valve  cap  is  30 pm  for  an  applied  voltage  of  up  to  3000V.  For  on-off  operation,  the  valve 
was  reported  to  regulate  gas  flow  at  11.6Hz  against  a  differential  pressure  of  400kPa.  The 
thickness  of  the  piezoceramic  disk  structure  was  not  detailed. 

Figure  1.4(c)  displays  a  piezoelectrically-driven  microvalve  [19]  using  a  direct  drive  piezoelec¬ 
tric  stack  as  the  actuation  mechanism.  This  valve  was  designed  for  use  in  a  liquid  micropumping 
system.  The  microvalve  consists  of  one  silicon  and  two  glass  layers  anodically  bonded  together. 
The  silicon  contains  a  inlet  through  hole,  a  flow  channel,  and  a  moveable  diaphragm  with  a 
central  boss  structure.  A  piezoelectric  stack  9mm  in  length  is  attached  to  the  underside  of  the 
boss  using  epoxy.  In  response  to  a  voltage  of  90V  at  a  frequency  of  30Hz,  an  estimated  liquid 
pressurization  of  8kPa  in  the  pumping  chamber  of  the  micropump  and  a  corresponding  flow 
rate  of  0.00025mL/s  was  reported. 

The  previously  described  microvalves  were  selected  to  illustrate  the  wide  variety  of  actua¬ 
tion  concepts  previously  reported  in  the  literature.  All  of  these  microvalves  share  a  common 
operational  geometry  (except  for  Watanabe  [30])  in  that  a  valve  boss  is  affixed  to  a  diaphragm 
or  membrane  structure  which  carries  the  boss  through  a  predetermined  stroke,  in  response  to 
some  form  of  actuation  principle.  The  majority  of  these  valves  were  designed  for  gas  flows,  and 
as  such  estimating  their  capabilities  in  handling  liquids  is  difficult  to  do,  although  typically  flow 
rates  of  liquids  for  a  given  differential  pressure  can  be  expected  to  be  lOO-lOOOx  smaller  than  gas 
flow  rates  under  the  same  differential  pressures.  In  general,  based  on  their  reported  capabilities, 
it  can  be  concluded  that  none  of  these  valves  is  capable  of  simultaneously  satisfying  the  set  of 
high  frequency  (1-lOkHz),  high  pressure  (0.1-lMPa),  and  large  stroke  (15-40/xm)  requirements 
needed  within  full  MHT  liquid  micropumping  systems. 

The  thermal  actuation  designs  (based  on  thermopneumatic,  thermal  bimetallic,  and  shape 
memory  alloy  principles)  potentially  can  achieve  large  stroke  and  reasonable  actuation  force. 
However,  these  thermally-based  devices  exhibit  excessive  power  consumption  and  poor  response 
times  on  the  order  of  seconds.  High-frequency  actuation  in  the  kHz  range  is  therefore  unachiev¬ 
able.  The  electrostatic  devices  are  limited  in  their  deflection  and  pressure  generation  capabili- 
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ties,  since  the  electrostatic  force  generated  between  two  parallel  plates  scales  inversely  with  their 
spacing  and  since  electrical  breakdown  across  the  gap  must  be  avoided.  The  electromagnetic 
concept  is  impeded  by  the  overall  size  of  external  solenoid  and  housing  structures  needed  to  ac¬ 
tuate  the  valve  structure.  Piezoelectric  thin-film  and  thick-film  bender-type  designs  are  limited 
in  their  ability  to  generate  both  high  force  and  large  deflection  output.  Shoji  and  Esashi’s  work 
aimed  at  solving  this  problem  through  the  use  of  a  stack-type  piezoelectric  actuator  material 
to  directly  drive  the  valve  membrane.  In  doing  so,  however,  the  piezoelectric  stack  material 
was  required  to  be  long  (~9mm),  resulting  in  a  large  actuator  mass  and  size.  The  operational 
frequency  of  this  device  was  reported  only  up  to  30Hz. 

A  promising  method  for  achieving  high  frequency  operation  in  conjunction  with  large  force 
and  high  stroke  capability  would  be  to  design  a  microvalve  with  a  means  to  amplify  the  stroke 
of  a  piezoelectric  bulk- type  material  (for  example  1mm  in  thickness  -  almost  an  order  of  mag¬ 
nitude  smaller  in  length  than  Shoji  and  Esashi’s  stack)  into  a  larger  valve  membrane  stroke. 
This  could  be  done  using  a  stiff  hydraulic  fluid  within  an  enclosed  chamber  to  couple  the  piezo¬ 
electric  material  motion  to  the  valve  cap  motion  using  an  area  ratio  amplification  concept. 
This  type  of  structure  would  thereby  achieve  high  frequency,  high  pressure,  and  large  valve  cap 
stroke  actuation  with  minimal  device  power  consumption  (a  further  advantage  of  piezoelectric 
materials).  Numerous  macroscale  piezoelectric  hydraulic  amplification  mechanisms  have  been 
presented  in  the  literature.  In  an  application  for  active  vibration  control,  a  piezoelectric  ac¬ 
tuator  uses  the  volume  change  of  a  piezoelectric  ring  to  create  a  large  deflection  of  a  smaller 
area  contact  surface  [32].  In  an  application  for  vibration  control  of  a  rotary  dynamic  system, 
the  deflection  of  a  stack-type  piezoelectric  actuator  is  coupled  through  a  hydraulic  line  to  a 
smaller  size  piston,  which  helps  to  control  the  motion  of  a  rotating  shaft  [33].  These  and  other 
[34]  piezoelectric  hydraulic  amplification  mechanisms  are  novel  in  design,  yet  do  not  face  the 
difficult  fabrication,  assembly,  and  tolerancing  challenges  inherent  in  the  development  of  high 
frequency  MEMS-scale  devices. 


1.3  Concept 

This  thesis  focuses  on  the  design,  modeling,  fabrication,  and  experimental  testing  of  a  piezoelec- 
trically  driven  hydraulic  amplification  microvalve  for  high  pressure,  high  frequency  applications. 
The  proposed  microvalve  is  shown  in  Figure  1.5.  This  device  is  desired  to  achieve  large  valve  cap 
stroke  (up  to  ~40 fim)  against  high  pressure  loads  (~0.1-lMPa)  through  a  novel  hydraulic  am¬ 
plification  mechanism  that  converts  the  small  displacement  (~1  jim)  of  a  piezoelectric  material 
element  into  a  significantly  larger  valve  cap  stroke.  The  inherent  stiffness  of  the  piezoelectric 
material  and  the  hydraulic  fluid  chamber  enable  both  high-frequency  and  high-force  actuation 
capabilities. 
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Figure  1.5:  Schematic  of  a  piezoelectrically-driven  hydraulic  amplification  microvalve.  The 
primary  structural  components  are  designated  with  arrows.  External  hydraulic  system  pressure 
loading  is  applied  on  the  top  surface  of  the  valve  cap  and  membrane. 


The  active  valve  consists  of  three  primary  components:  a  piezoelectric  drive  element,  an 
enclosed  fluid  amplification  chamber,  and  a  membrane  with  attached  valve  cap.  The  drive 
element  incorporates  a  circular  piston  structure  supported  from  beneath  by  one  or  more  small 
bulk  piezoelectric  cylinders  and  is  suspended  circumferentially  from  a  surrounding  support 
structure  by  thin  annular  micromachined  tethers.  This  novel  compact  “piston-type”  design 
enables  high  frequency  actuation  against  a  large  external  pressurization  due  to  the  high  stiffness 
of  the  piston  structure  and  integration  of  miniature  bulk  piezoelectric  elements  beneath  the 
piston  using  a  thin-film  bond  layer.  The  lateral  dimensions  of  the  tethers  are  designed  to  make 
the  tethers  compliant  enough  to  allow  for  rigid  piston  motion  up  and  down,  yet  stiff  enough 
to  resist  bowing  under  pressurization  caused  by  the  hydraulic  fluid  above  the  tether  during 
actuation.  The  tethers  provide  a  seal  between  the  hydraulic  fluid  above  the  piston  and  the 
piezoelectric  chamber  below  the  piston,  and  also  provide  a  path  for  electrical  contact  to  the  top 
surface  of  the  piezoelectric  cylinders.  The  fluid  chamber  resides  between  the  top  surface  of  the 
drive  element  piston  and  the  bottom  surface  of  a  thin,  smaller  diameter  silicon  micromachined 
valve  cap  membrane.  These  design  features  enable  the  valve  device  to  simultaneously  meet  a 
set  of  high  frequency,  high  pressure,  and  large  stroke  requirements  that  have  not  previously 
been  satisfied  by  other  microvalves  presented  in  the  literature. 
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In  response  to  applied  piezoelectric  voltage,  the  piezoelectric  material  strains.  The  resulting 
deflection  of  the  drive  element  piston  generates  a  pressure  within  the  hydraulic  amplification 
chamber  which  in  turn  deflects  the  valve  cap  and  membrane  against  a  fluid  orifice,  thereby 
regulating  fluid  flow  through  the  external  hydraulic  system.  The  pressure  loadings  on  the 
valve  cap  and  membrane  during  device  operation  depend  on  the  external  microfluidic  system 
application.  The  piezoelectric  material  capabilities,  the  ratio  of  the  piston  diameter  to  the  valve 
membrane  diameter,  the  compliances  of  the  fluid  and  structural  elements  in  the  chamber,  the 
severity  to  which  the  valve  cap  membrane  experiences  nonlinear  behavior,  and  the  nature  of 
the  external  loading  all  contribute  to  the  performance  of  this  microvalve  device. 

The  proposed  fabrication  process  for  this  microvalve  involves  the  assembly  of  five  silicon 
layers  and  four  glass  layers.  A  2-D  schematic  of  the  microvalve  device,  illustrating  individual 
silicon  and  glass  layers,  is  shown  in  Figure  1.6.  The  middle  glass  layer  (Layer  3)  forms  the  drive 
element  support  structure  and  the  top  (Layer  9)  and  bottom  (Layer  1)  glass  layers  provide 
structural  support.  The  bottom  silicon  layer  (Layer  2)  and  drive  piston  silicon  layers  (Layers 
4,5)  provide  a  path  for  electrical  contact  to  the  piezoelectric  cylinders.  The  top  four  silicon 
layers  (Layers  4, 5, 7, 8)  and  glass  layer  (Layer  6)  house  the  hydraulic  amplification  chamber, 
valve  cap  and  membrane  structure,  and  fluid  inlet  and  outlet  channels.  All  silicon-silicon 
wafer  interfaces  are  bonded  with  high-temperature  (~1300°C)  fusion  bonds,  and  all  silicon- 
glass  layer  interfaces  are  bonded  using  low  temperature  (~300°C)  anodic  bonds.  Attachment 
of  the  top  and  bottom  piezoelectric  cylinder  surfaces  to  the  adjoining  silicon  is  achieved  with  a 
low  temperature  (~300°C)  AuSn  eutectic  bond. 

Shown  in  Figure  1.7  is  a  3-D  schematic  of  a  fabricated  silicon  and  glass  multi-layer  Micro- 
Hydraulic  Transducer  actuator  system.  This  system  consists  of  an  inlet  and  outlet  piezoelec- 
trically  driven  active  valve  and  a  centrally-located  piezoelectric  pump  chamber.  The  pump 
chamber  is  comprised  essentially  of  the  same  drive  element  structure  contained  within  each  ac¬ 
tive  valve  component.  All  of  the  fabrication  and  assembly  challenges  (see  Section  1.4.2)  inherent 
in  the  realization  of  the  active  valve  component  structures  are  shared  by  the  full  MHT  device, 
and  as  a  result  the  efforts  documented  within  this  thesis  to  successfully  fabricate  a  workable 
valve  device  at  the  same  time  demonstrate  the  ability  to  realize  complete  MHT  systems. 


1.4  Challenges 

A  significant  number  of  challenges  had  to  be  overcome  to  realize  a  functional  piezoelectrically 
driven  hydraulic  amplification  microvalve.  These  challenges  can  be  organized  into  two  ma¬ 
jor  groupings:  (1)  modeling  and  design  challenges  and  (2)  fabrication,  assembly,  and  testing 
challenges.  These  challenges  are  highlighted  in  the  following  sections. 
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Figure  1.6:  2-D  schematic  of  a  microvalve  multi-layer  silicon  and  glass  structure.  Five  silicon 
layers,  four  glass  layers,  and  one  or  more  piezoelectric  material  cylinders  are  joined  together 
to  form  the  microvalve.  Enclosed  fluid  within  the  hydraulic  amplification  chamber  couples  the 
drive  element  piston  deflection  to  the  valve  cap  motion. 


1.4.1  Modeling  and  Design  Challenges 
Structural  Modeling  of  Active  Valve 

The  development  of  a  comprehensive  structural  model  for  the  active  valve  requires  detailed 
modeling  of  the  piezoelectric  material  behavior,  the  bottom  support  plate  structural  compli¬ 
ance,  the  drive  element  piston  and  tether  compliances,  the  hydraulic  chamber  fluid  stiffness,  the 
top  support  plate  structural  compliance,  and  the  valve  membrane  deflection  behavior.  Stresses 
within  the  piezoelectric  material,  the  drive  piston  tethers,  and  the  valve  membrane  must  be 
calculated  to  ensure  structural  integrity  of  the  device  under  worst-case  system  loading  condi¬ 
tions.  Linear  plate  deformation  theory  is  adequate  for  calculating  the  deflections  and  stresses 
associated  with  the  drive  piston  tether  and  chamber  compliances  since  these  structural  deflec¬ 
tions  are  small  in  comparison  to  the  respective  structural  thicknesses.  However,  modeling  of 
the  valve  membrane  requires  more  advanced  non-linear  deformation  theory. 

Non-linear  Modeling  of  Valve  Membrane 

To  achieve  a  high  stroke  actuation  capability  within  the  active  valve  device,  the  valve  mem¬ 
brane/plate  structure  is  designed  to  experience  peak  deflection  magnitudes  which  exceed  the 
plate  structural  thickness.  This  type  of  large-deflection  deformation  behavior  is  characterized 
by  an  elongation  or  stretching  of  the  plate  structure  and  a  subsequent  generation  of  a  non-zero 
in-plane  tensile  stress  along  the  neutral  axis.  As  the  plate  is  deformed  significantly  into  the 
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Figure  1.7:  3-D  schematic  of  a  Micro-Hydraulic  Transducer  multi-layer  silicon  and  glass  struc¬ 
ture.  Since  a  complete  MHT  system  relies  on  identical  fabrication  and  assembly  procedures 
to  those  of  the  component  valve,  successful  testing  of  the  piezoelectrically  driven  active  valve 
device  validates  the  capability  to  realize  the  full  MHT  system. 


large  deflection  regime,  the  in-plane  tensile  stress  begins  to  exceed  the  bending  stresses  and  the 
plate  stiffness  increases.  Linear  plate  theory  is  inadequate  to  capture  these  stiffening  effects, 
and  as  a  result,  tools  have  been  developed  to  accurately  model  the  non-linear  large  deflection 
behavior  of  the  valve  membrane/plate  structure. 

Development  of  Systematic  Active  Valve  Design  Procedure 

The  design  and  formulation  of  an  active  valve  geometry  which  can  satisfy  performance  require¬ 
ments  imposed  by  an  external  hydraulic  system  is  an  important  step  in  the  development  of 
MHT  systems.  Accurate  modeling  of  the  fluid  flow  behavior  through  the  hydraulic  system  and 
interaction  of  the  valve  structure  with  this  external  system  must  be  developed.  Additionally, 
design  parameter  variations,  such  as  valve  membrane  thickness,  valve  cap  stroke,  and  the  num¬ 
ber  of  valve  membranes  working  together  in  parallel  within  the  active  valve  device  must  be 
properly  investigated  so  as  to  create  an  active  valve  whose  membrane  structures  experience 
stresses  below  fracture  limits  and,  as  a  whole,  that  consumes  as  little  power  as  possible  during 
operation. 

1.4.2  Device  Fabrication,  Assembly,  and  Testing  Challenges 
Micromachining  and  Wafer-Bonding 

Micromachining  of  the  valve  membrane  and  drive  element  tether  structures  within  the  active 
valve  device  is  a  critical  step  in  the  fabrication  process.  To  achieve  precise  dimensional  control 
of  these  thin-membrane  structures,  silicon-on-insulator  (SOI)  wafers  containing  a  buried  oxide 
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etch-stop  layer  are  used.  In  performing  deep  etches  in  these  wafers,  the  surface  roughness  of 
the  etch  and  the  tailoring  of  the  fillet  radius  profiles  at  the  base  of  the  etch  must  be  well- 
controlled  so  as  to  maintain  the  strength  and  robustness  of  the  structures.  Additionally,  upon 
completing  the  etching  of  the  various  silicon  layers,  wafer-level  silicon-silicon  fusion  bonding 
and  wafer-level  silicon-glass  anodic  bonding  procedures  must  be  carried  out  to  form  multi-layer 
wafer  stack  structures,  in  preparation  for  device  assembly. 

Piezoelectric  Material  Integration 

Integration  of  bulk  piezoelectric  material  within  the  thin-tethered  drive  element  structures  is 
the  most  critical  step  in  the  active  valve  assembly.  Preparation  of  the  material,  including  pol¬ 
ishing,  thin-film  deposition,  and  core-drilling,  is  performed  to  provide  an  optimal  surface  finish 
of  the  material  in  preparation  for  eutectic  bonding  to  the  adjoining  silicon  layers  within  the 
device.  Additionally,  accurate  measurement  of  the  individual  piezoelectric  element  dimensional 
thicknesses,  prior  to  integration,  is  required  to  ensure  optimal  static  and  operational  deflections 
of  the  piston  structure  which  result  in  minimal  stresses  in  the  etched  piston  tethers.  Incorpo¬ 
ration  of  multiple  smaller  area  piezoelectric  materials  spread  out  beneath  the  piston  membrane 
is  desired  over  placement  of  a  single  larger  area  piezoelectric  material  at  the  piston  center,  so 
as  to  reduce  system  compliances  and  increase  actuation  efficiency.  However,  tolerance  issues 
become  even  more  important  when  dealing  with  the  requirements  of  multiple  bonded  elements. 

Fluid  Filling  and  Sealing 

Encapsulation  of  a  working  fluid  in  the  device  is  a  significant  challenge  at  the  microscale  because 
surface-to-volume  ratios  are  typically  quite  large,  with  surface  energies  playing  a  dominant 
role.  Any  gas  bubbles  present  in  the  sealed  operational  device  can  create  enormous  system 
compliances,  potentially  rendering  the  device  useless.  The  elimination  of  trapped  gases  during 
filling  of  the  device  and  during  encapsulation  of  the  fluid  port  used  for  filling  is  critical  for 
high-level  performance.  The  development  of  a  systematic  fluid  degassing  and  filling  procedure 
is  required  for  successful  realization  of  a  working  active  valve  device. 

Device  Testing 

Experimental  testing  of  a  complex  microfabricated  device  can  be  an  extremely  challenging 
activity,  due  primarily  to  the  lack  of  physical  access  to  the  structures  within  the  device.  To 
thoroughly  characterize  the  performance  of  the  active  valve  device  presented  in  this  thesis,  drive 
element  piston  and  valve  cap  deflections  in  response  to  applied  voltages  must  be  measured  real¬ 
time.  Additionally,  dynamic  pressures  (between  0  and  2  MPa)  upstream  and  downstream  of 
the  valve  orifice  and  real-time  fluid  flow  rates  (as  low  as  10  ^  and  as  high  as  1  must 
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be  monitored.  Development  of  a  test-rig  apparatus  for  carrying  out  these  measurements  is  a 
critical  task  for  proper  evaluation  of  the  device  behavior. 


1.5  Objectives 

The  primary  objective  of  this  thesis  is  to  develop  a  piezoelectrically  driven  hydraulic  amplifica¬ 
tion  microactuator  structure,  which  can  be  operate  as  a  microvalve  for  high  frequency  control 
of  high  pressure  fluid  flows.  This  research  is  carried  out  through  a  series  of  modeling,  de¬ 
sign,  fabrication,  assembly,  and  experimental  testing  tasks.  This  work  will  demonstrate  the 
microactuator  and  valve  concepts  and  evaluate  their  experimental  performance  in  comparison 
to  behavior  predicted  by  the  models  developed  in  the  thesis. 

A  secondary  goal  of  this  thesis  is  to  provide  a  framework  of  linear  and  non-linear  structural 
modeling  tools  and  design  procedures  that  can  be  implemented  in  the  development  of  high 
frequency  piezoelectric  micropumping  and  microvalving  systems.  Additionally,  a  further  goal 
of  this  thesis  is  to  present  a  method  for  small-scale  bulk  piezoelectric  material  integration  within 
silicon  micromachined  thin-tethered  structures,  a  procedure  which  can  enable  the  realization  of 
compact  high-frequency  high-stiffness  hydraulic  actuator  structures. 


1.6  Approach 

The  overall  scope  of  this  thesis  includes  each  of  the  challenges  presented  in  Section  1.4,  and 
consequently  the  thesis  is  divided  into  two  major  parts.  The  first  part  (Chapters  2  through  5) 
focuses  on  active  valve  modeling  and  design.  The  second  part  (Chapters  6  through  9)  concen¬ 
trates  on  active  valve  fabrication,  assembly,  and  testing.  Use  of  the  modeling  tools  developed 
in  the  first  part  of  the  thesis  enables  model-experiment  correlation  in  the  later  sections. 

Chapter  2  introduces  the  concept  of  the  active  valve  device  and  details  the  procedures  used 
to  model  the  structural  valve  component  compliances.  Linear  plate  theory,  with  bending  and 
shearing  deformation  effects  included,  is  implemented.  Additionally,  the  benefits  of  multiple 
piezoelectric  elements  spread  out  beneath  the  drive  element  piston  rather  than  a  single  centrally- 
located  element  are  presented  through  a  series  of  finite-element  studies. 

Chapter  3  presents  the  development  of  a  numerical  code  to  model  the  large  deflection 
behavior  of  a  thin  annular  plate  structure  with  rigid  central  cap  under  pressure  loading.  This 
theory  has  been  specifically  developed  to  capture  the  non-linear  stiffening  effects  present  in  the 
valve  membrane  structure  of  the  active  valve,  effects  which  are  unaccounted  for  in  the  basic 
linear  plate  theory  presented  in  Chapter  2.  The  finite-differencing  scheme  presented  in  this 
chapter  is  based  upon  the  work  of  Su  [1]. 
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Chapter  4  combines  the  linear  and  non-linear  modeling  tools  presented  in  Chapters  2  and  3 
to  create  a  quasi-static  structural  model  of  the  active  valve.  In  addition,  the  chapter  introduces 
a  dynamic  simulation  architecture  for  the  valve,  which  includes  inertia  and  damping  associated 
with  the  drive  element  piston  and  valve  cap  structural  elements.  Calculation  of  the  coupled 
fluid-structure  resonant  valve  frequency,  based  on  finite-element  analyses,  is  also  presented. 

Chapter  5  uses  the  modeling  tools  and  simulations  developed  in  the  first  three  chapters 
to  formulate  a  systematic  quasi-static  design  procedure  that  can  be  used  to  design  an  active 
valve  geometry  based  on  external  hydraulic  system  performance  requirements.  This  design 
procedure  incorporates  the  governing  fluid  flow  relations  linking  the  valve  cap  motion  to  the 
external  hydraulic  system  pressures  and  enables  variation  of  key  parameters  within  the  active 
valve  geometry  to  minimize  power  consumption.  As  a  check,  full  system  dynamic  simulations 
are  run  to  validate  the  quality  of  the  valve  geometry  created  using  the  quasi-static  procedure. 

Chapter  6  presents  an  overview  of  the  fabrication  challenges  encountered  and  the  solutions 
implemented  in  the  development  of  the  active  valve  device.  A  detailed  sub-component  testing 
plan  for  the  active  valve  is  presented  as  well.  This  systematic  plan,  as  shown  in  Figure  1.8, 
breaks  the  complete  active  valve  structure  into  manageable  sub-component  structures  according 
to  the  primary  challenges  already  detailed.  The  piezoelectric  drive  element  sub-component 
study  proves  the  ability  to  micromachine  the  tethered  piston  structure  and  integrate  bulk 
piezoelectric  material  beneath  the  piston.  The  valve  cap  and  membrane  sub-component  study 
validates  the  non-linear  large  deflection  behavior  of  the  valve  membrane  structure.  Following 
successful  completion  of  these  sub-component  studies,  a  complete  active  valve  device  can  be 
fabricated  and  tested. 

Chapter  7  details  the  piezoelectric  drive  element  sub-component  study.  Devices  axe  fab¬ 
ricated  that  incorporate  both  standard  polycrystalline  PZT-5H  piezoelectric  material  elements 
as  well  as  higher-strain  single-crystal  PZN-PT  piezoelectric  material.  AdditionaUy,  devices 
with  three  piezoelectric  elements  spread  out  beneath  the  drive  piston  are  compared  to  single 
element  devices  to  demonstrate  the  stiffening  benefit  of  incorporating  multiple  piezoelectric  el¬ 
ements  within  the  drive  element  structure.  These  devices  are  quasi-statically  and  dynamically 
characterized  to  frequencies  in  excess  of  100  kHz. 

Chapter  8  details  the  valve  cap  and  membrane  sub-component  study.  Valve  membrane 
structures  are  fabricated  and  inspected  to  ensure  adequate  fillet  radius  control  at  the  base  of  the 
etched  features.  Pressure-deflection  experiments  are  carried  out  to  characterize  the  degree  of 
non-linearity  present  in  these  structures.  Experimental  results  are  compared  to  analytical  and 
finite-element  model  results  in  which  key  parameters  have  been  varied  (membrane  thickness 
and  fillet  radius  size)  in  an  effort  to  determine  the  sensitivity  of  the  membrane  behavior  to 
these  parameters. 
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Schematic  Cross-Sections  of  Test  Articles  in  the  Test  Plan 
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Figure  1.8:  Active  valve  sub-component  testing  plan.  Realization  of  the  full  active  valve  requires 
performance  validation  of  piezoelectric  drive  element  sub-component,  valve  cap  and  membrane 
sub-component,  and  hydraulic  amplification  chamber  sub-component. 


Chapter  9  presents  the  experimental  testing  of  the  full  active  valve  device,  with  a  focus  on 
voltage-valve  cap  deformation  frequency-dependent  behavior,  as  well  as  differential  pressure- 
flow  characterization  of  the  valve.  Correlation  to  quasi-static  and  dynamic  models  is  presented. 

Lastly,  Chapter  10  concludes  the  thesis  with  a  summary  of  accomplishments.  Conclusions 
are  drawn  and  recommendations  are  made  for  future  work.  Appendices  are  also  included,  which 
detail  many  of  the  structural  models  and  dynamic  simulations  presented  throughout  the  thesis. 


1.7  Thesis  Executive  Summary 

This  thesis  demonstrates,  through  a  series  of  modeling,  design,  fabrication,  assembly,  and  exper¬ 
imental  testing  tasks,  successful  operation  of  a  piezoelectrically-driven  hydraulic  amplification 
microvalve  for  use  in  Micro-Hydraulic  Transducer  systems.  Linear  and  non-linear  modeling 
tools  characterizing  the  structural  deformations  of  the  active  valve  sub-systems  were  devel¬ 
oped.  These  tools  enabled  accurate  prediction  of  real-time  stresses  along  the  micromachined 
valve  membrane  structure  as  it  was  deflected  into  its  non-linear  large-deflection  regime.  A 
systematic  design  procedure  was  developed  to  generate  an  active  valve  geometry  to  satisfy 
membrane  stress  limitations  and  valve  power  consumption  requirements  set  forth  by  external 
hydraulic  system  performance  goals.  Fabrication  challenges,  such  as  deep-reactive  ion  etch¬ 
ing  (DRIE)  of  the  drive  element  and  valve  membrane  structures,  wafer-level  silicon-to-silicon 


fusion  bonding  and  silicon-to-glass  anodic  bonding  operations,  preparation  and  integration  of 
piezoelectric  material  elements  within  the  micromachined  tethered  piston  structure,  die-level 
assembly  and  bonding  of  silicon  and  glass  dies,  and  filling  of  degassed  fluid  within  the  hydraulic 
amplification  chamber  were  overcome.  A  photograph  of  the  completed  9-layer  microfabricated 
valve  is  shown  in  Figure  1.9. 


Figure  1.9:  Photograph  of  a  9-layer  silicon  and  glass  piezoelectrically-driven  hydraulic  amplifi¬ 
cation  microvalve,  as  part  of  a  full  MHT  system.  Dimensions  of  the  valve  structure  within  the 
full  MHT  chip  are  8mm  x  8mm  x  5mm. 


The  active  valve  structural  behavior  and  flow  regulation  capabilities  were  evaluated  over  a 
range  of  applied  piezoelectric  voltages,  actuation  frequencies,  and  differential  pressures  across 
the  valve.  For  applied  piezoelectric  voltages  up  to  500Vpp  at  1kHz,  the  valve  devices  demon¬ 
strated  amplification  ratios  of  drive  element  deflection  to  valve  cap  deflection  of  40-50x.  These 
amplification  ratios  correlate  within  5  - 10%  of  the  model  expectations.  Flow  regulation  exper¬ 
iments  proved  that  a  peak  average  flow  rate  through  the  device  of  0.21mL/s  under  a  sinusoidal 
drive  voltage  of  500Vpp,  with  valve  opening  of  17 fim,  against  a  differential  pressure  of  260kPa 
could  be  obtained.  Tests  revealed  that  fluid-structural  interactions  between  the  valve  cap  and 
membrane  components  and  flow  instabilities  (due  to  transition  between  the  laminar  and  tur¬ 
bulent  flow  regimes  through  the  valve  orifice)  limited  the  valve  performance  capabilities. 
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Chapter  2 


Active  Valve  Linear  Model 


This  chapter  presents  the  analytical  modeling  structure  of  the  active  valve,  focusing  on  the 
linear  deformation  behavior  of  the  various  structural  components.  This  chapter  begins  with  an 
overview  of  each  of  the  components  of  the  active  valve,  detailing  the  corresponding  structural 
geometries  and  associated  assumptions  used  to  model  them.  This  first-level  active  valve  model 
assumes  a  single  cylindrical  piezo  material  under  the  drive  element  piston  for  ease  of  modeling. 
Toward  the  conclusion  of  the  chapter,  the  effects  of  incorporating  multiple  piezoelectric  cylinders 
are  discussed  and  the  corresponding  benefits  to  structural  stiffnesses  of  the  piston  and  the 
bottom  structural  plate  are  presented.  The  chapter  concludes  with  an  identification  of  the 
valve  components  that  require  further  development  of  non-linear  theory. 


2.1  Valve  Geometry  and  Modeling  Procedure 

The  proposed  piezoelectrically  driven  hydraulic  amplification  microvalve  is  schematically  shown 
in  Figure  2.1.  The  axisymmetric  valve  is  comprised  of  three  primary  sub-structures:  a  piezo¬ 
electric  drive  element,  a  closed  hydraulic  amplification  chamber,  and  a  membrane  with  attached 
valve  cap.  The  drive  element  sub-structure  consists  of  one  or  more  bulk  piezoelectric  material 
cylinders  located  at  the  center  of  the  device,  each  bonded  on  its  top  surface  to  a  silicon  microma- 
chined  piston  and  on  its  bottom  surface  to  a  silicon  support  structure.  The  drive  element  piston 
is  attached  along  its  outer  circumference  to  a  silicon  support  structure  with  two  thin  silicon 
tethers.  The  fluid  chamber  resides  between  the  top  surface  of  the  drive  element  piston  and  the 
bottom  surface  of  a  smaller  diameter  silicon  micromachined  valve  cap  membrane.  In  response 
to  an  applied  piezoelectric  voltage,  a  small  deflection  of  the  drive  element  piston  translates  into 
a  much  larger  deflection  of  the  valve  cap  membrane.  The  ratio  of  the  piston  diameter  to  the 
valve  membrane  diameter,  the  compliances  of  the  fluid  and  structural  chamber,  the  severity  to 
which  the  valve  cap  membrane  experiences  nonlinear  behavior,  and  the  piezoelectric  material 
performance  determine  the  potential  valve  stroke  for  a  given  applied  piezoelectric  voltage. 
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Figure  2.1.  2-D  schematic  of  the  piezoelectrically-driven  hydraulic  amplification  microvalve. 
The  nomenclature  and  key  dimensions  are  detailed. 


In  developing  a  comprehensive  analytical  model  for  the  active  valve,  the  following  aspects 
need  to  be  accurately  represented:  (1)  piezoelectric  material  behavior,  (2)  drive  element  piston 
and  tether  deflection  behavior,  (3)  fluid  compressibility,  (4)  hydraulic  amplification  chamber 
structural  compliance, (5)  valve  cap  and  membrane  deflection  behavior,  and  (6)  bottom  struc¬ 
tural  plate  behavior  beneath  piezoelectric  material.  The  efficiency  of  the  valve  drive  is  a  function 
of  how  much  volume  is  created  due  to  the  various  system  compliances.  The  ideal  design  would 
call  for  a  very  stiff  hydraulic  fluid  and  a  completely  rigid  drive  element  piston  and  chamber 
structure.  In  this  case,  all  of  the  volume  change  created  by  the  drive  element  deflection  would 
exhibit  itself  in  the  volume  change  associated  with  the  valve  membrane  deflection.  Modeling 
of  aspects  (2),  (4),  (5),  and  (6)  require  a  detailed  understanding  of  linear  plate  theory.  Each 
of  these  aspects  will  be  modeled  as  a  plate  with  applied  loading  and  boundary  conditions  to 
determine  the  deflections  and  swept  volumes  due  to  bending  and  shearing  effects.  Non-linear 
issues  such  as  in-plane  stretching  will  be  discussed  at  the  close  of  the  chapter. 

2.2  Overview  of  Linear  Plate  Theory 

In  general,  a  symmetrically  loaded  circular  plate  will  experience  deflections  due  to  bending  and 
shearing.  If  the  plate  thickness  is  small  compared  to  the  plate  outer  radius,  the  deflection  due 
to  bending  will  be  significantly  larger  than  that  due  to  shearing.  If  the  plate  thickness  is  of 
the  same  order  of  magnitude  as  the  plate  outer  radius,  however,  the  deflection  contribution 
due  to  shearing  effects  will  no  longer  be  negligible.  In  these  cases,  it  is  advisable  to  obtain  the 
total  deflection  as  a  sum  of  these  two  contributing  effects.  As  detailed  above,  the  top  chamber 
structure,  the  drive  element  piston,  the  drive  element  tethers,  the  bottom  chamber  structure, 
and  the  valve  cap/membrane  can  be  modeled  using  linear  plate  theory.  The  degree  to  which 
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each  of  these  structural  components  may  experience  non-linear  deflection  behavior  is  discussed 
at  the  conclusion  of  this  chapter.  This  section  presents  the  methodology  used  to  model  these 
plate  behaviors  (in  a  linear  fashion)  by  way  of  a  simple  example.  The  following  sections  then 
detail  each  of  the  modeled  valve  compliances. 

An  example  of  a  symmetrically  loaded  circular  plate  is  shown  in  Figure  2.2.  This  plate  is 
clamped  at  its  outer  radius  (r=a),  guided  at  its  inner  radius  (r=b),  and  subjected  to  a  pressure 
loading  P  over  its  bottom  surface.  The  plate  will  experience  deflections  due  to  bending  and 
shearing  effects. 


Figure  2.2:  Circular  plate  under  axisymmetric  pressure  loading,  with  a  guided  boundary  con¬ 
dition  at  inner  radius  b  and  a  clamped  boundary  condition  at  outer  radius  a. 


2,2.1  Deflections  Due  to  Bending 

The  governing  differential  equation  for  the  symmetrical  bending  of  a  circular  plate  can  be 
written  as: 


d  5Tr(lw(r))  Q(r)  (21) 

dr  r  D  (  '  ’ 

where  D  =  *s  ^le  flexural  rigidity  of  the  plate  and  Q(r)  is  the  shear  force  per  unit 

length  as  a  function  of  r.  Q(r)  depends  on  the  nature  of  the  plate  loading.  In  this  example 
case,  the  shear  force  is: 


Q(r)  = 


P(r2  -  b2) 


2  r 


The  boundary  conditions  in  this  example  case  are: 


BC 1 :  w(r  =  a)  =  0 


(2.2) 


(2.3) 


BC2  :  -j-(r  =  a)  =  0 
ar 


(2.4) 
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(2.5) 


BC3:=P(r  =  6)=0 

dr 

By  integrating  the  governing  differential  equation  and  applying  the  imposed  boundary  con¬ 
ditions,  the  deflection  of  the  plate  w(r)  can  be  determined.  In  addition,  the  swept  volume 
associated  with  the  deflection  can  then  be  calculated  as  follows: 

dV  =  j  2nrw(r)dr.  (2.6) 

For  this  example  plate  bending  case,  the  plate  deflection  at  the  inner  radius  (r=b)  and  the 
swept  volume  are  found  to  be: 


U>bending{b)  -  [S^cndms(t)]  P 

dVbe nding  =  [Sdv;)e„(fjBS)]  P 

where  ^bendingW  and  S avbtndin>  are  the  plate  bending  compliances, 


(2.7) 


(2.8) 


-P 


=  {mho*))  (»#  +  “  V  (~7  +  4 1»  [|]  -  1«I»  [£]  *)  +  “  V  (5  -  4 In  g] )  -  .•)  (2.9) 


(l92D(62 -a2))  (°  10aV +  24aV  (l -In  +a268  (-22  +  241n  +768)  (2.10) 

These  compliance  coefficients  are  derived  in  detail  in  Appendix  A.l. 


2.2.2  Deflections  Due  to  Shearing 

In  cases  where  the  plate  thickness  is  not  small  compared  to  the  plate  outer  radius,  shearing 
effects  may  contribute  significantly  to  the  overall  deflection.  The  following  analysis  structure 
will  allow  for  estimations  of  this  deflection  due  to  shear. 

In  general,  shearing  stresses  vary  across  the  thickness  of  a  plate  according  to  the  same 
principle  as  for  beams  of  narrow  rectangular  cross-sectional  area  [3].  The  corresponding  shearing 
strain  can  be  written  as: 


dw  _  —aQ(r) 
It  ~  Gt 


(2.11) 


where  G  =  7^- 


2(i-t/)  is  modulus  of  elasticity  in  shear  of  a  plate,  t  is  the  plate  thickness,  and 
Q(r)  is,  again,  the  shear  force  per  unit  length  as  a  function  of  r.  The  coefficient  a  is  the  shear 
correction  factor.  The  boundary  condition  in  this  example  case  is: 
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BCA  :  w(r  —  a)  =  0 


(2.12) 


By  integrating  the  differential  equation  and  applying  the  imposed  boundary  condition,  the 
deflection  of  the  plate  tu(r)  can  be  determined.  The  swept  volume  associated  with  this  deflection 
can  be  calculated  according  to  Equation  (2.6).  For  this  example  plate  shearing  case,  the  plate 
deflection  at  the  inner  radius  (r=b)and  the  swept  volume  under  the  plate  are  found  to  be: 


Vshearib)  =  P 

(2.13) 

dVshear  =  P 

(2.14) 

where  hear^)  and  E dvshear  are  plate  shear  compliances, 

(2.15) 

s'v-‘-  ■  (S)  (“‘  - 4>v + *' (s  - 4|"  [|])) 

These  compliance  coefficients  are  derived  in  detail  in  Appendix  A.l. 

(2.16) 

2.2.3  Combined  Deflection  Due  to  Bending  and  Shearing 

The  total  deflection  at  (r=b)  and  swept  volume  of  the  plate  are  sums  of  those  contributions 
due  to  pure  bending  effects  and  shearing  effects.  In  this  example  case,  the  plate  deflection  and 
swept  volume  can  therefore  be  written,  respectively,  as: 

W(b)  [“tO&endinsM  ^  ^ "WarW]  ^  [“«>(&)]  ^ 

(2.17) 

dV  =  [s dvbeniing  +  Edv,h,ar]  P  =  [=w]  P 

(2.18) 

It  is  clear  from  this  example  that  the  plate  deflection  at  a  desired  location  and  the  swept 
volume  can  be  expressed  as  linear  functions  of  the  loading  parameters. 


2.2.4  Comparison  of  Bending/Shearing  Deflections 

To  illustrate  the  importance  of  the  bending  and  shearing  contributions  to  the  example  symmet¬ 
ric  annular  plate  discussed  thus  far,  the  overall  radial  dimensions  of  the  plate  and  the  applied 
pressure  loading  are  held  constant  and  the  plate  thickness  is  varied  from  a  value  that  is  small 
compared  to  the  plate  radial  dimensions  to  a  value  that  is  of  the  same  order  of  magnitude  as 
the  radial  dimensions.  In  doing  this,  one  would  expect  to  observe  an  increasing  importance  of 
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the  shearing  contribution  as  the  plate  thickness  increases.  The  following  dimensions,  material 
constants,  and  loading  parameters  are  assigned  to  the  example  case,  and  are  typical  of  those 
found  in  the  proposed  active  valve: 


a  =  3mm,  b  =  0.5mm,  E  =  165  GPa,  v  =  0.22,  a  =  1.5,  P  =  1  MPa.  (2.19) 

Deflections  (at  r=b)  due  to  bending  and  shearing  are  calculated  as  the  plate  thickness  is  varied 
from  t  =  20/jrn  to  t  =  2 mm.  The  results  are  shown  in  Figure  2.3. 


Plate  Thickness  (mm) 


Plate  Thickness  (mm) 


Figure  2.3:  Bending  and  shearing  contributions  to  plate  deflection  at  inner  radius  (r=b).  The 
plot  on  the  right  is  a  close-up  view.  As  the  ratio  of  plate  thickness  to  plate  outer  radius 
approaches  1,  the  deflection  due  to  shearing  becomes  important.  For  ratios  <<  1,  shearing 
effects  are  inconsequential  compared  to  bending  effects. 


These  results  illustrate  the  importance  of  shearing  effects  as  the  ratio  of  plate  thickness 
to  plate  outer  radius  approaches  1.  For  ratios  significantly  less  than  1,  deflections  due  to 
bending  far  exceed  those  due  to  shearing.  In  this  case,  neglecting  the  shear  contributions 
would  have  little  effect  on  the  calculated  deformation.  On  the  other  hand,  for  ratios  near  and 
greater  than  1,  shear  contributions  are  important  and  therefore,  neglecting  them  would  result 
in  overall  deformations  smaller  than  those  expected  in  reality.  For  each  of  the  compliant  plate 
structures  within  the  active  valve,  except  for  the  valve  membrane  (where  its  thickness  <<  radial 
dimensions),  both  bending  and  shear  effects  are  included  in  the  deformation  analyses. 

2.3  Detailed  Structural  Modeling 

2.3.1  Piezoelectric  Material  Behavior 

The  piezoelectric  material  cylinder  within  the  valve  drive  element  strains  when  a  voltage  is 
applied  to  it.  Often,  the  loading  on  the  material  may  increase  during  this  actuation  step.  In 
the  drive  element  structure,  this  actuation  compressive  loading  is  a  combination  of  the  hydraulic 
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amplification  chamber  pressure  acting  over  the  piston  top  surface  and  the  tensile  drive  element 
tether  force  acting  along  the  piston  outer  circumference.  In  general,  for  a  bulk  cylindrical 
piezoelectric  element,  as  shown  in  Figure  2.4,  subject  to  an  applied  voltage  Vp  and  an  actuation 
compressive  axial  stress  A Tp,  the  material  axial  strain  is: 

TP 

o 

+ 

Vp 

o 


'  M  M 


Sgll 


777777 


Figure  2.4:  Cylindrical  piezoelectric  element  with  applied  voltage  and  stress  loading. 


e,  =  ^  ^  ^  (2-20) 

bp  bp 

The  parameter  is  the  piezoelectric  material  coefficient  and  Ep  is  the  modulus  of  elasticity. 
Under  the  case  of  zero  actuation  loading,  ATp  =  0,  the  material  experiences  a  maximum  strain 
in  response  to  a  voltage  Vp .  This  is  termed  the  free  strain  condition,  spjree  =  •  At  a 

sufficiently  large  external  load,  the  material  experiences  no  net  strain  in  response  to  a  voltage. 
This  is  termed  the  blocked  force  condition,  A Tp^iocked  =  d33^Ep  ■ 

Equation  2.20  assumes  perfect  33-direction  actuation.  In  reality,  this  is  not  achieved  due  to 
transverse  clamping  of  the  piezoelectric  element  at  its  top  and  bottom.  However,  the  incorpo¬ 
ration  of  multiple,  smaller  diameter  piezoelectric  elements  rather  than  a  single  large  diameter 
element  helps  to  reduce  this  clamping  effect  and  supports  the  assumption.  The  implementation 
of  multiple,  smaller  diameter  piezoelectric  elements  is  discussed  in  Section  2.5.  For  the  purposes 
of  the  active  valve  model  development  in  this  section,  however,  a  single  piezoelectric  material 
cylinder  placed  at  the  center  of  the  drive  element  chamber  is  assumed. 

2.3,2  Drive  Element  Piston  and  Tether  Behavior 

The  drive  element  substructure  provides  a  volume  change,  which  is  transferred  to  the  valve 
cap/membrane  through  the  use  of  hydraulic  fluid.  In  an  ideal  case,  the  drive  piston  would  be  a 
rigid  structure  and  the  drive  element  tethers  would  be  stiff  enough  to  resist  significant  volume 
deformation  due  to  the  hydraulic  amplification  chamber  pressure,  yet  compliant  enough  to 
allow  for  adequate  piston  deflection  and  to  ensure  tether  stresses  below  critical  levels.  The 
drive  element  piston  and  tether  structure  can  be  broken  into  two  linked  sub-models,  as  shown 
in  Figure  2.5.  The  first  sub-model  captures  the  behavior  of  the  drive  piston  and  the  second 
sub-model  captures  the  behavior  of  the  drive  element  tethers. 
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Figure  2.5:  Simplification  of  pressure  and  stress  loading  on  the  drive  element  piston  for  use  in 
the  linear  deflection  analysis  of  the  drive  element  tethers. 


Drive  Element  Piston 


Figures  2.5(b)  and  2.5(c)  present  two  potential  ways  to  model  the  deformation  of  the  drive 
element  piston.  Both  scenarios  model  the  piston  as  a  circular  plate  with  outer  radius  Rpis  and 
thickness  tp{s  and  assume  the  plate  to  experience  a  guided  boundary  condition  at  its  center. 
Finite-element  models  have  shown  this  to  be  a  more  appropriate  (and  conservative)  boundary 
condition  than  enforcing  a  guided  boundary  condition  at  the  edge  of  piezo  material,  Rp.  The 
piezoelectric  material  is  not  infinitely  rigid,  and  therefore  does  allow  for  plate  bending  over 
the  region  where  the  material  contacts  the  piston.  The  primary  difference  in  the  two  scenarios 
is  the  boundary  condition  assumptions  at  the  outer  piston  radius  Rpi$-  If  the  drive  element 
tethers  possessed  negligible  stiffness,  one  could  assume  that  they  exert  an  insignificant  bending 
moment  on  the  drive  piston,  resulting  in  an  appropriate  hinged  boundary  condition  at  Rpis,  as 
shown  in  Figure  2.5(b).  On  the  other  hand,  if  the  tethers  possessed  an  infinite  stiffness,  one 
could  assume  them  to  create  a  rigid  boundary  on  the  piston  at  this  location,  as  shown  in  Figure 
2.5(c).  Finite-element  studies  have  shown  that  for  the  typical  range  of  design  space  for  the 
tethers  and  piston  in  this  active  valve  device,  the  actual  structural  behavior  is  approximately 
halfway  between  these  two  limiting  scenarios.  Therefore,  the  drive  element  piston  compliances 
are  taken  as  the  average  of  these  limiting  scenarios.  The  hydraulic  amplification  chamber 
pressure  Phac  acts  over  the  entire  top  surface  of  the  plate  from  r  =  0  to  r  =  Rpjs  and  the 
piezoelectric  material  stress  Tp  acts  over  the  bottom  surface  of  the  plate  from  r  =  0  to  r  =  Rp. 
The  piston  center  deflection  Zpis  and  piston  swept  volume  dVpiS  (referenced  to  the  hinged  outer 
radius)  can  therefore  be  represented  by  the  following  relations, 

3*  =  [Slj  Tp  -  [EfJ  Phac  (2.21) 

dVpis  =  [3 Tp  -  [e&J  Phac  (2-22) 

where  5 zpia 5  S ^ypi3  »  an(^  ~dvpis  are  compliance  coefficients  defined  explicitly  in 

Appendix  A.2. 

Drive  Element  Tethers 

In  Figure  2.5(c),  each  drive  element  tether  is  modeled  as  a  circular  plate  with  inner  radius  Rpis 
and  outer  radius  Rc In  order  to  allow  for  flexibility  in  design,  the  top  and  bottom  tethers  are 
defined  to  have  different  thicknesses  (ttetop  or  infect)*  Again,  assuming  that  the  piston  slope  at 
RpiS  is  zero,  the  boundary  condition  on  each  tether  at  this  location  is  that  of  a  guided  interface. 
At  Rch ,  each  plate  is  rigidly  clamped  to  the  valve  support  structure.  The  top  tether  experiences 
a  concentrated  force  Ftet0p  at  r  —  Rpis  and  a  pressure  loading  Phac  from  r  =  Rpis  to  r  =  Rch 
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while  the  bottom  tether  experiences  only  a  concentrated  force  Ftebot  at  r  =  Rpls.  The  deflection 
(at  r  =  RpiS)  and  swept  volume  of  the  top  tether  alone  can  be  written  as, 


Ztetop  -  Ftetop  ~  [S£e,0f,]  PhAC 


(2.23) 


dVtetop  -  [Hdi/(etop]  Ftetop  -  [sdyie(op]  Phac  +  ApisZtetop 


(2.24) 


A.2. 


where  ^zutop,  ^zletop i  “Sv^top*  anf^  ^dVutop  3X6  coefficients  defined  explicitly  in  Appendix 


The  deflection  (at  r  —  Rpis)  and  swept  volume  of  the  bottom  tether  alone  can  be  written 


as, 


Ztebot  -  [sfcj  Ftebot  (2.25) 

dVtebot  =  [^rfV^6o(]  Ftebot  +  ApiaZtebot  (2.26) 

where  E zubot  and  S dvtebot  arc  coeflicients  defined  explicitly  in  Appendix  A.2. 

Although  the  equations  for  the  behavior  of  each  tether  alone  are  straightforward,  the  behav¬ 
ior  resulting  from  both  tethers  together  is  more  complex.  In  a  two-tether  system,  both  tethers 
share  the  same  deflection  at  r  =  Rpis;  that  is,  Zte  =  Ztetop  —  Z^ot-  Additionally,  the  sum  of 
the  piston  forces  on  the  tethers  must  be  equal  to  the  total  force  on  the  piston  itself, 


Ftetop  "b  Ftebot  ^piston  —  ApTp  ~  ^pw-PtfAC-  (2.27) 

The  distribution  of  this  force  on  the  tethers  is  determined  by  the  relative  stiffnesses  of  the 
tethers,  and  therefore,  the  force  taken  by  the  top  tether  can  be  written  as, 


Ef 

^tebot 


EF  +  Ef 

Ztcbot  *""* Ztetop  J 


“ piston 


(2.28) 


One  can  observe  from  this  relation  that  if  the  bottom  tether  has  a  thickness  much  less  than 
that  of  the  top  tether  (ie:  »  S£(etoj)),  then  all  of  the  piston  load  is  taken  by  the  top 

tether,  Ftetop  ~  FPiSton  ■  Likewise,  if  the  tethers  have  the  same  thickness,  then  each  tether  carries 
half  of  the  piston  force.  Following  these  arguments,  the  tether  deflection  (at  r  =  Rpis)  and  the 
tether  swept  volume  can  be  expressed  as, 


Ztetop  — 


ZF  ef 

^Ztetop^Ztebot 


C>F 


_1_ 

Ztcbot  w Ztetop 


( ApTp  -  ApisPHAC) 


Ep  Ep 

Ztetop'"'  Ztebot 


-F 


L  Zicbot  l“‘ Ztetop 


CP 


Fhac  (2.29) 
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dVte  —  dVtetop  — 


77 F 

^dVtetop  '~‘Ztebot 


Ef  4-  EF 

L^Ztebot  1—1 Ztetop 


(A.p'Tp  ApisPnAc) 


Ep 

w dVtetop  <~~‘Ztei)0t 


L  Ztebot 


^^tctop  J 


ftfAC  +  Apis^te 

(2.30) 

In  this  manner,  the  deflection  of  the  drive  element  piston  outer  radius  and  the  swept  volume 
of  the  piston  and  top  tether  is  determined. 


Combined  Piston  and  Tether  Behavior 

Having  modeled  the  piston  and  tethers  individually,  it  is  now  possible  to  express  the  complete 
piston/tether  deflection  and  swept  volume.  The  drive  element  piston  center  deflection  with 
respect  to  the  active  valve  structural  support  is  the  sum  of  the  piston  deflection  in  the  first 
sub-model  and  the  tether  deflection  in  the  second  sub-model, 


Zde  =  Zpis  4-  Zte 


(2.31) 


Likewise,  the  total  drive  element  volume  change  is  the  sum  of  the  piston  swept  volume  in 
the  first  sub-model  and  the  top  tether  swept  volume  in  the  second  sub-model, 


dVde  =  dVpis  +  dVte.  (2.32) 

These  relations,  therefore,  fully  describe  the  drive  element  center  deflection  and  swept  vol¬ 
ume  as  a  function  of  the  piston  and  tether  stiffness  coefficients  and  the  loading,  Tp  and  Phac - 

2.3.3  Bottom  Structural  Compliance 

A  rigid  valve  structure  beneath  the  piezoelectric  material  cylinder  would  ensure  that  all  of 
the  piezoelectric  strain  during  actuation  goes  into  the  drive  element  volume  change  needed  for 
valve  cap  motion.  In  reality,  this  structure  is  not  rigid  and  as  a  result  this  bottom  structure 
deformation  serves  only  to  reduce  the  effective  volume  change  that  can  be  produced  by  the 
drive  element. 

As  shown  in  Figure  2.6,  this  structure  can  be  modeled  as  a  circular  plate  with  thickness  %oU 
guided  at  its  center,  and  clamped  at  outer  radius  R c^.  Again,  as  for  the  drive  element  piston, 
the  assumption  that  the  piezo  in  no  way  helps  to  stiffen  the  plate  is  taken  as  a  conservative 
estimate.  The  only  loading  applied  to  the  plate  is  the  piezoelectric  material  stress  Tp  from 
r  =  0  to  r  =  Rp.  The  bottom  plate  center  deflection  Z^t  can  therefore  be  represented  by  the 
following  relation, 


(2.33) 
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Figure  2.6:  Compliance  of  bottom  structure  beneath  piezoelectric  material. 


where  is  defined  explicitly  in  Appendix  A.2. 

2.3.4  Fluid  Compressibility 

During  valve  actuation,  increased  pressure  within  the  hydraulic  amplification  chamber  results 
in  compression  of  the  contained  fluid.  A  portion  of  the  drive  element  volume  change  will  be 
lost  in  this  undesired  volume  change  of  the  fluid.  The  relationship  between  the  fluid  volume 
change  dVnAC  and  the  fluid  pressure  change  dP^AC  is: 

<IVhac  =  -  dpHAC  (2.34) 

where  Kj  is  the  fluid  bulk  modulus  and  Vhac  is  the  total  fluid  volume  of  the  hydraulic 
amplification  chamber. 

2.3.5  Top  Structural  Compliance 

For  efficient  hydraulic  amplification  within  the  active  valve,  the  top  structural  compliance  should 
be  small  so  that  minimal  drive  element  actuation  volume  is  lost  in  this  chamber  deformation. 
As  shown  in  Figure  2.7,  the  top  chamber  structure  can  be  modeled  as  an  annular  plate  with 
inner  radius  Rym^  outer  radius  and  thickness  ttop-  At  the  plate  is  free  and  experiences 
a  concentrated  force  Fvm,  corresponding  to  the  sum  of  all  the  forces  acting  on  the  valve  cap 
and  membrane, 


Fvm  =  PHAcAvm  -  PXAVC  -  P2{Avm  -  Avc).  (2.35) 

The  plate  is  rigidly  clamped  at  Rte .  The  plate  experiences  a  pressure  loading  Pa  AC  on  its 
underside. 

The  top  plate  inner  radius  deflection  Ztop  and  swept  volume  dVtop  can  therefore  be  repre¬ 
sented  by  the  following  relation, 


58 


Fvm| 


Zt°p  j'  I 


Rvm 


t  tttttttttttt  t  tttttt 


w  < 

I Si> 


Phac 


Rte 


Figure  2.7:  Hydraulic  amplification  chamber  structural  deformation  under  Phac  and  Fvm 
loading. 


Ztop  —  [s£op]  Phac  +  [~£top]  Fvm  (2.36) 

dVtop  =  [ZdVtop]  PHAC  +  [^dVtop]  Fv™  +  AvmZtop  (2.37) 

where  2 §  2 ,  2^^,  and  2^op  are  defined  explicitly  in  Appendix  A. 2.  In  reality,  the 
region  above  the  annular  chamber  structure  will  not  be  completely  unsupported.  As  a  result, 
this  model  provides  a  worst-case  value  for  the  structural  chamber  volume  change. 


2-3.6  Valve  Cap  and  Membrane  Behavior 

For  the  fluid  flow  directionality  shown  in  Figure  2.1,  a  pressure  drop  occurs  as  the  fluid  flows 
radially  inward  over  the  valve  membrane,  through  the  contraction  over  the  valve  cap,  and  finally 
through  the  expansion  into  the  exit  channel.  In  the  structural  modeling  of  the  valve  cap  and 
membrane,  the  pressure  P2  is  assumed  constant  over  the  valve  membrane  area  and  the  pressure 
Pi  is  assumed  constant  over  the  valve  cap  area  (see  Chapter  5  for  further  discussion  of  these 
fluid  modeling  assumptions). 


Figure  2.8:  Valve  membrane  and  cap,  deflected  upward  from  their  equilibrium  position,  under 
pressure  loadings  Phac ,  pu  and  P2. 
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As  shown  in  Figure  2.8,  the  valve  membrane  experiences  a  pressure  loading  Phac  over  its 
entire  bottom  surface,  a  pressure  loading  P\  over  the  valve  cap  top  surface,  and  a  pressure 
loading  P2  over  the  top  surface  of  the  valve  membrane.  The  valve  membrane  can  be  modeled 
as  a  circular  plate  with  thickness  tvm ,  a  guided  boundary  condition  at  r  =  RyC)  and  a  clamped 
boundary  condition  at  r  =  Pt/m?  with  a  pressure  loading  Pvm  =  (Phac  ~  P2)  on  the  underside 
of  the  membrane  and  a  concentrated  force  Fvc  =  Avc(Phac~P\)  acting  in  the  upward  direction 
at  r  =  RyC  (see  Figure  2.9).  Bending  of  the  valve  cap  is  neglected  in  this  model.  For  typical 
valve  cap  and  membrane  dimensions  within  the  active  valve  structure,  finite-element  studies 
have  shown  that  this  rigid  cap  assumption  is  valid. 


Fvc 


t 


Rvc 


ttttttttttttttttttt 

Pvm 

Rvm 


Figure  2.9:  Simplified  model  of  the  valve  cap  and  membrane  with  imposed  boundary  conditions 
and  applied  loading. 


For  linear  theory,  the  inner  radius  deflection  Zvc  and  the  swept  volume  dVvm  can  be  repre- 
sented  by  the  following  relations, 

=  [SL]  pvm  +  [s£j  Fvc  (2.38) 

dVVM  -  [s£Kvm]  pvm  +  [s&J  Fvc  +  AVCZVC  (2.39) 

where  -£vc ,  ^dvvm->  an<l  ^dvvm  are  defined  explicitly  in  Appendix  A.2. 
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2.4  Full  Active  Valve  Linear  Model 


The  complete  quasi-static  active  valve  model  consists  of  Equations  6.2,  6.3,  6.4,  2.29,  2.30,  2.33, 
2.34,  2.35,  2.36,  2.37,  2.38,  and  2.39,  combined  with  the  following  two  equations  for  displacement 
matching  and  volume  conservation, 


Zp  4*  Zfot  =  Zte  4-  Zpis  (2.40) 

dVte  4-  dVpis  4  fluid  ~  dVtop  —  dVvm  —  0.  (2.41) 

Figure  2.10  summarizes  the  modeling  components  of  the  active  valve.  All  equations  are 
represented  in  a  Maple  code  that  solves  for  Tp  and  all  of  the  structural  component  displacements 
and  swept  volumes,  given  the  voltage  input  Vp  and  the  external  valve  cap  and  membrane 
pressure  loadings  Pi  and  P2.  This  model  is  included  in  Appendix  A. 2  for  reference. 


Phac  “*■  *1  dVfluid  J  Phac 


Valve  Cap  and  Membrane:  Equations  (2.38),  (2.39) 

Top  Structural  Plate:  Equations  (2.35),  (2.36),  (2.37) 

Volume  Conservation:  Equation  (2.41 ) 

HAC  Chamber  Fluid:  Equation  (2.34) 

Drive  Element  Piston:  Equations  (2.21),  (2.22) 

Drive  Element  Tethers:  Equations  (2.29),  (2.30) 

Displacement  Matching:  Equation  (2.40) 

Piezoelectric  Material:  Equation  (2.20) 

Bottom  Structural  Plate:  Equation  (2.33) 


Figure  2.10:  Complete  linear  quasi-static  active  valve  structural  model. 
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2.5  Impact  of  Multiple  Piezoelectric  Cylinders 

The  previous  development  of  analytical  theory  for  the  active  valve  has  assumed  the  piezoelectric 
actuation  material  to  be  a  single  cylinder  located  at  the  center  of  the  drive  element  piston.  To 
stiffen  the  drive  element  actuator  structure,  it  would  be  desirable  to  incorporate  a  matrix  of 
small  diameter  piezoelectric  rods  under  the  piston  rather  than  a  single  centrally-located  large- 
size  cylinder  (as  long  as  the  rods  are  sized  properly  to  avoid  buckling).  Although  incorporation 
of  a  matrix  of  rod  structures  is  beyond  the  scope  of  this  thesis,  the  use  of  three  smaller  diameter 
piezoelectric  cylinders  spread  out  beneath  the  piston  is  realizable  (Chapter  8  experimentally 
evaluates  this  concept).  This  modeling  section  investigates  the  benefits  of  using  three  smaller 
diameter  piezoelectric  cylinders  rather  than  a  single  centrally-located  one  in  order  to  effectively 
“stiffen”  the  drive  element  piston  and  bottom  plate  structures. 

Since  the  analytical  relations  developed  thus  far  have  assumed  plate  theory  with  boundary 
conditions  corresponding  to  a  single  centrally-located  piezoelectric  cylinder,  and  since  deriva¬ 
tion  of  3-dimensional  plate  behavior  for  multiple  cylinder  geometries  is  complex,  finite-element 
models  of  the  structural  components  are  required.  This  section  demonstrates,  through  example 
cases,  how  finite-element  models  of  the  drive  element  piston  structure  and  bottom  plate  struc¬ 
ture  can  be  used  to  determine  the  Eg,  Eg,  EjVp.t,  E^,  and  E^(  compliance  coefficients  for 
three-piezoelectric  cylinder  geometries.  Once  determined,  these  coefficients  can  simply  be  sub¬ 
stituted  into  the  corresponding  structural  equations  developed  for  the  single-cylinder  geometry 
presented  in  Sections  2.3.2  and  2.3.3. 

2.5.1  Finite-Element  Analysis  of  Piston 

As  presented  in  Section  2.3.2,  the  “  compliance  coefficients  for  the  piston  structure  are  taken 
as  the  average  of  the  hinged  and  clamped  boundary  condition  scenarios  at  Rp.  For  clarity,  this 
section  will  analyze  the  effects  of  three  piezoelectric  cylinders  on  a  drive  piston  in  the  hinged 
boundary  condition  scenario.  A  similar  procedure  can  be  carried  out  for  the  clamped  scenario, 
but  is  not  documented  in  the  section. 

To  illustrate  the  benefits  of  using  three  piezoelectric  cylinders,  a  finite-element  study  com¬ 
paring  a  single  piezoelectric  cylinder  piston  geometry  to  geometries  with  three  piezoelectric 
cylinders  is  presented.  In  this  study,  representative  piston  geometry  and  material  properties 
are  taken  to  be:  Rpts  =  3mm,  tp:s  =  800pm,  Eg,  =  165 GPa,  and  vsi  =  0.22.  For  the  single 
piezelectric  cylinder  geometry,  the  cylinder  radius  is  Rp  =  1mm.  For  the  three  piezoelectric 
cylinder  geometry,  the  radius  of  each  cylinder  is  sized  (Rp  =  0.577mm)  such  that  the  total  area 
of  all  three  is  identical  to  the  area  of  the  cylinder  in  the  single  piezoelectric  cylinder  case.  The 
distance  Rcp  of  each  cylinder  from  the  piston  center  is  varied  in  this  study  to  illustrate  the 
effect  of  cylinder  placement  on  the  piston  compliance.  Schematics  of  the  single  cylinder  and 
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three  cylinder  finite-element  model  geometries  axe  shown  in  Figure  2.11.  The  piston  structure 
is  guided  at  its  center  (r  =  0)  and  hinged  at  its  outer  radius  (r  =  Rpis ). 


Figure  2.11:  Finite-element  (ANSYS)  models  of  (a)  a  single  centrally  located  piezoelectric 
cylinder  beneath  the  drive  element  piston,  and  (b)  a  three  piezoelectric  cylinder  design  with 
the  cylinders  spread  out  beneath  the  drive  element  piston. 


To  determine  the  compliance  coefficients  5^  and  ^dvpi3  for  the  drive  piston  structure,  a 
stress  T  is  applied  on  the  underside  of  the  piston  where  the  cylinder(s)  make  contact.  The 
resulting  displacement  at  the  center  of  the  cylinder(s),  Zp,  and  the  resulting  swept  volume  of 
the  piston  structure,  dVpiS  are  recorded.  Similarly,  to  determine  the  compliance  coefficients 
Ezp  and  z-dVpisi  a  pressure  P  is  applied  on  the  entire  top  surface  of  the  piston.  The  resulting 
displacement  at  the  center  of  the  cylinder(s),  Zp,  and  the  resulting  swept  volume  of  the  piston 
structure,  dVpiS  are  recorded.  From  these  responses,  the  compliance  coefficients  are  calculated. 

Single  Piezoelectric  Cylinder  Geometry 

In  performing  finite-element  analyses  for  this  single  cylinder  geometry,  the  resulting  piston 
compliance  coefficients  were  found  to  be: 


Loading 

Zp  Compliance 

dVcte  Compliance 

Stress 

s  l  =  2.09e-13^ 

S5^2.42e-“£ 

Pressure 

HfB=8.20e-13^ 

S^,,=l-08e-17^ 

Three  Piezoelectric  Cylinder  Geometries 

Finite-element  analyses  for  the  three  cylinder  geometry  were  performed,  with  Rcp  varying  from 
1  mm  to  2.25  mm.  Figure  2.12  plots  the  compliance  coefficients  of  the  three-cylinder  geometries 
as  a  function  of  Rcp.  Taking  as  an  example  case,  Rcp  =  2.25mm,  the  compliance  coefficients 
were  found  to  be: 


Loading 

Zp  Compliance 

dVde  Compliance 

Stress 

H^  =  0.36e-13^ 

Hk,=°'94e"18^ 

Pressure 

HfD  =  3.12e-13^ 

=  l-08e-17^ 
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Figure  2.12:  Compliance  coefficients  of  the  three  cylinder  piston  geometry  for  varying  Rr„-  fa) 

(*>)  Eh,’  (*>  and  (d)  Ek,- 


In  comparing  these  results  (for  i?cp=2.25  mm)  to  those  of  the  single  cylinder  geometry,  it 
is  observed  that  E^  is  reduced  by  5.8x,  ^vpi,  is  reduced  by  2.6x,  and  s£p  is  reduced  by  2.6x. 
Clearly,  the  use  of  three  cylinders  spread  out  beneath  the  piston  is  beneficial  in  reducing  these 
coefficients,  and  therefore  stiffening  the  structure.  however,  remains  the  same.  This  is 

expected  since  the  swept  volume  of  the  piston  structure  (with  no  cylinders  present  below)  in 
response  to  an  applied  pressure  on  the  piston  top  surface  should  be  identical  for  the  single  and 
three  cylinder  geometries.  These  results  demonstrate  the  stiffening  benefits  of  incorporating 
three  piezoelectric  cylinders  beneath  the  drive  element  piston  rather  than  a  single  centrally- 
located  one.  With  these  types  of  finite-element  models,  one  can  obtain  compliance  coefficients 
for  a  particular  three  cylinder  drive  piston  geometry  and  use  these  coefficients  in  the  analytical 
equations  developed  in  Section  2.3.2  to  accurately  model  the  valve  structural  behavior. 
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2.5.2  Finite-Element  Analysis  of  Bottom  Plate 

To  illustrate  the  stiffening  benefit  of  using  three  piezoelectric  cylinders  above  the  bottom  plate, 
a  finite-element  study  comparing  a  single  piezoelectric  cylinder  bottom  plate  geometry  to  ge¬ 
ometries  with  three  piezoelectric  cylinders  is  presented.  In  this  study,  the  chamber  bottom 
plate  geometry  and  material  properties  are  assumed  to  be:  Rte  =  3.2mm,  tpiS  =  1000/xm, 
Esi  =  165GPa,  and  v$i  —  0.22.  For  the  single  piezelectric  cylinder  geometry,  the  cylinder  ra¬ 
dius  is  Rp  =  1  mm.  For  the  three  piezoelectric  cylinder  geometry,  the  radius  of  each  cylinder  is 
sized  (Rp  =  0.577mm)  such  that  the  total  area  of  all  three  is  identical  to  the  area  of  the  cylinder 
in  the  single  piezoelectric  cylinder  case.  Schematics  of  the  single  cylinder  and  three  cylinder 
finite-element  model  geometries  are  shown  in  Figure  2.13.  The  piston  structure  is  guided  at  its 
center  (r  =  0)  and  clamped  at  its  outer  radius  (r  =  i?te). 


Figure  2.13:  Finite-element  (ANSYS)  models  of  bottom  plate  structure  with  (a)  a  single  cen¬ 
trally  located  cylinder  above  the  bottom  plate,  and  (b)  a  three  cylinder  design,  with  the  cylinders 
spread  out  above  the  bottom  plate. 

To  determine  the  compliance  coefficient  for  the  bottom  plate  structure  ,  a,  pressure 
(stress)  T  is  applied  to  the  top  surface  of  the  plate  where  the  cylinder(s)  make  contact.  The 
resulting  displacement  at  the  center  of  the  cylinder (s),  Z^ot  is  recorded.  From  this  response, 
the  compliance  coefficient  is  calculated. 

Single  Piezoelectric  Cylinder  Geometry 

In  performing  the  finite-element  analysis  for  this  single  cylinder  geometry,  the  resulting  piston 
compliance  coefficient  was  found  to  be: 


Loading 

Z^t  Compliance 

Stress 

HL,  =4.79e-14£ 

Three  Piezoelectric  Cylinder  Geometries 

Finite-element  analyses  for  the  three  cylinder  geometry  were  performed,  with  Rcp  varying  from 
1  mm  to  2.25  mm.  Figure  2.14  plots  the  compliance  coefficient  S TZhot  of  the  three-cylinder 
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geometry  as  a  function  of  this  varying  Rcp.  Taking  as  an  example  case,  Rcp  =  2.25 mm,  the 
compliance  coefficient  was  found  to  be: 


Loading 

Zbot  Compliance 

Stress 

=L.  =  0-98«-"£ 

In  comparing  this  result  (for  RCp— 2.25  mm)  to  that  of  the  single  cylinder  geometry,  it  is 
observed  that  is  reduced  by  4.9x.  Clearly,  the  use  of  three  cylinders  spread  out  above  the 
bottom  plate  is  beneficial  in  reducing  the  amount  by  which  the  centers  of  the  cylinders  move 
downward  into  the  plate.  These  results  demonstrate  the  stiffening  benefits  of  incorporating 
three  piezoelectric  cylinders  above  the  bottom  plate  structure  rather  than  a  single  centrally- 
located  one.  With  this  type  of  finite-element  model,  one  can  obtain  the  compliance  coefficient 
for  a  particular  three  cylinder  bottom  plate  geometry  and  use  this  coefficient  in  the  analytical 
equations  developed  in  Section  2.3.3  to  accurately  model  the  valve  structural  behavior. 


Figure  2.14:  Compliance  coefficient  of  the  three  cylinder  bottom  plate  geometry  for 

varying  Rcp. 


2.6  Further  Modeling  Issues 

The  structural  component  that  requires  additional  modeling  focus  is  that  of  the  valve  cap  and 
membrane.  For  the  typical  design  space  in  the  proposed  active  valve,  this  plate/membrane 
structure  is  designed  to  have  a  thickness  of  approximately  10  pm,  yet  experience  deflections 
on  this  order  or  larger.  In  this  deflection  regime,  the  plate  will  begin  to  stretch,  resulting  in 
the  generation  of  in-plane  tensile  stresses  that  are  unaccounted  for  in  the  linear  plate  theory 
presented  in  this  chapter.  The  drive  element  tethers  also  possess  thicknesses  near  10  pm, 
however,  because  the  piston  deflection  during  device  operation  is  expected  to  be  only  1-2  pm, 
these  tethers  can  be  accurately  modeled  by  the  linear  relations  detailed  thus  far. 
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2.7  Conclusions 


This  chapter  has  developed  a  linear,  quasi-static  structural  model  of  the  proposed  active  valve 
device,  including  piezoelectric  material  behavior,  deformation  of  the  drive  element  tethers  and 
the  valve  cap/membrane  structure,  and  the  compliances  associated  with  the  drive  element 
piston,  bottom  structural  plate,  top  structural  plate,  and  hydraulic  fluid.  In  addition,  the 
chapter  has  demonstrated,  through  the  use  of  representative  finite-element  models,  the  benefits 
of  incorporating  multiple  piezoelectric  cylinders  spread  out  beneath  the  drive  element  piston 
rather  than  a  single  centrally-located  one.  The  following  chapter  will  detail  the  development  of 
numerical  non-linear  modeling  tools  for  understanding  the  large  deflection  deformation  behavior 
of  the  valve  cap  and  membrane  structure. 
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Chapter  3 


Non-Linear  Deformation  of  the 
Valve  Cap  and  Membrane 


This  chapter  presents  the  development  of  a  numerical  code  for  the  non-linear  large- deflect  ion 
modeling  of  a  thin  annular  plate  structure  with  rigid  central  cap  under  pressure  loading.  This 
theory  has  been  specifically  developed  to  model  the  valve  cap  and  membrane  behavior  in  the 
proposed  active  valve  device.  The  chapter  begins  within  an  introduction  to  the  valve  cap  geom¬ 
etry  under  investigation  and  the  associated  nature  of  the  geometric  non-linearity.  The  theory 
behind  this  non-linear  deformation  is  then  presented,  with  detailed  derivation  of  the  governing 
equations  used  in  the  numerical  integration.  Representative  loading  plots  for  a  given  valve 
geometry  are  then  presented  to  illustrate  the  numerical  code’s  capability  to  capture  in-plane 
tensile  stresses  and  boundary  layer  phenomena.  Lastly,  three  Matlab™  codes  are  presented 
that  serve  as  non-linear  modeling  tools  for  use  in  Chapters  4,  5,  and  8  of  this  thesis.  The 
finite-differencing  scheme  presented  in  this  chapter  is  based  upon  the  work  of  Su  [1]. 


3.1  Introduction 

In  general,  the  deflection  of  a  structural  plate  can  be  represented  using  linear  deformation 
theory  only  if  the  deflection  of  the  plate  is  less  than  about  half  the  thickness  of  the  plate.  In 
this  small  deflection  regime,  it  can  be  assumed  that  the  plate’s  neutral  axis  is  unchanged  in 
length  as  it  deforms,  ie:  it  experiences  no  tensile  stress.  The  only  stresses  that  exist  in  this 
plate  are  the  compressive  and  tensile  bending  stresses  above  and  below  this  neutral  axis.  In  a 
plate  experiencing  large  deflections  (that  is,  deflections  greater  than  half  the  thickness  of  the 
plate),  however,  the  plate  begins  to  stretch  and  the  assumption  of  zero  in-plane  tensile  stress 
at  the  neutral  axis  is  no  longer  valid.  As  the  plate  is  deformed  more  and  more  into  the  large 
deflection  regime,  the  in-plane  tensile  stress  begins  to  dominate  the  bending  stresses,  thereby 
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increasing  the  plate  stiffness.  This  marks  the  onset  of  membrane  behavior,  characterized  by 
the  inability  to  withstand  bending  moments.  For  plates  that  experience  loads  that  create  this 
large  deflection  behavior,  it  is  critical  that  this  in-plane  stress  be  modeled  and  that  the  plate 
stiffening  effects  be  captured. 

3.2  Plate  Geometry 

The  plate  geometry  under  consideration  in  this  chapter  is  shown  in  Figure  3.1.  The  plate  has 
outer  radius,  ra,  inner  radius  rj,  thickness  t ,  a  Young’s  Modulus  E,  and  a  poisson  ratio  v.  The 
plate  is  clamped  at  its  outer  radius  and  guided  at  its  inner  radius.  The  assumption  of  a  guided 
boundary  condition  at  r*  is  a  reasonable  one  since  bending  of  the  valve  cap  is  negligible.  The 
plate  experiences  a  pressure  loading  p  underneath  the  plate  from  rb  to  ra  and  a  concentrated 
circumferential  force  /  at  ry 
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Figure  3.1.  Schematic  of  an  annular  plate  with  a  rigid  central  boss  under  pressure  loading. 


3.3  Theory 

The  work  presented  in  this  chapter  is  an  extension  of  Sheplak  and  Dugundji’s  work  on  the  large 
deflection  behavior  of  clamped  circular  plates  (without  rigid  central  caps)  [2].  Additionally,  the 
finite-difference  implementation  contained  within  this  chapter  is  the  result  of  work  done  by  Su 

W- 


3.3.1  Assumptions 

This  chapter  follows  von  Karman  plate  theory,  in  which  the  vertical  displacement  of  the  plate 
w  is  assumed  to  be  much  larger  than  the  lateral  displacement  u  and  v  and  the  normals  to  the 
undeformed  middle  surface  remain  the  normals  to  the  deformed  middle  surface.  As  a  result,  the 
deformed  shape  of  the  thin  plate  can  be  fully  described  by  the  geometry  of  the  neutral  surface. 
In  this  analysis,  only  quadratic  non-linear  terms  are  retained. 
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3.3.2  Equilibrium  Equations 


The  forces  and  moments  experienced  by  a  small  section  of  the  plate  are  shown  in  Figure  3.2, 
where  Mr  and  Mq  are  the  radial  and  tangential  moments  respectively,  Nr  is  the  in-plane  tension 
load  per  unit  circumference,  and  Qr  is  the  shear  force  per  unit  circumference. 


x  Ne 


(a) 

Nr 

(C) 

Figure  3.2:  Force  and  moment  free-body  diagrams  for  an  infinitesimal  annular  plate  section: 
(a)  top  view  of  plate,  (b)  top  view  of  plate  section,  (c)  side-view  of  plate  section. 

To  obtain  the  equilibrium  equations  for  this  plate,  a  radial  force  balance,  a  z-direction  force 
balance,  and  a  circumferential  moment  balance  are  performed. 

The  radial  force  balance  produces  the  following  initial  relation, 


YFr^  (Nr  +  ^^dr)(cos-“)(r  +  dr)dO  —  Nr(cos^~)rd9  —  2N$(sin— )dr  — 
dr  dr  dr  Z 

(Qr  +  ^^~dr)(sin^~-)(r  +  dr)d6  +  Qr{sin^-)rd6  —  p(sin—)rdrd6  =  0. 
dr  dr  dr  dr 


The  z-direction  force  balance  produces  the  following  initial  relation, 


(3.2) 


Tfz^  ( Nr  +  —~dr)(sin—)(r  +  dr)d6  —  Nr(sin^-)rd9  + 
dr  dr  dr 

(Qr  +  -Q-dr)(cos—)(r  +  dr)d9  -  Qr(cos^)rdd  +  p(cos^-)rdrdQ  =  0. 

The  circumferential  moment  balance  produces  the  following  initial  relation, 

Y1 Mr  +  ^r*0(r  +  dr)d6  -  Mrrd8  +  (Qr  +  ^dr)(r  +  dr)(r  +  dr)dd  -  Qrr2d9  =  0.  (3.3) 


Using  the  following  simplifying  relations  which  hold  true  for  the  plate  section, 


dw  .  dw  dw 

cos—  ~  1  ,  sin—~~  ~  — - 

dr  dr  dr 


d9 

2 


(dr)2  dr 


the  force  and 
respectively, 


moment  equilibrium  balances  can  be  simplified  to  the  following  equations 


and 


(3.4) 


+  ^(Qrr)+pr  =  °, 


(3.5) 


(3.6) 


3.3.3  Geometric  Compatibilities 

The  radial  elongation  of  the  neutral  axis  during  deformation  can  be  represented  by  the  following 
strain  displacement  relation  [3], 


du  1 
£r~dr +2 


(3.7) 


Based  on  the  assumption  that  it  follows  that  the  term  (^)2  is  negligible  compared 

to  the  term  (^)2.  Therefore,  the  radial  strain  displacement  relation  can  be  simplified  to 


_  du  1  /dw\2 

€r  dr  2  \  dr  ) 

The  circumferential  strain-displacement  relationship  is 


(3.8) 
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(3.9) 


u 


te  -  -* 


r 


The  first  and  second  principle  curvatures  for  the  plate  are  [3] 


(fiw 
Kr  =  ~d, * 


KQ  —  — 


1  dw 
r  dr  * 


(3.10) 


3.3.4  Constitutive  Laws 

Assuming  that  the  plate  experiences  plane  stress,  ie:  no  variations  in  stress  occur  through  the 
thickness  of  the  plate,  the  material  Hooke’s  Law  can  be  written  as 


£r 


E 


( 


t  t  J 


(3.11) 


where  E  and  v  are  the  material  Young’s  Modulus  and  Poisson  Ratio  respectively.  Moment 
equilibrium  in  the  plate  yields 


Mr  =  -D(nr  +  vise)  3  —  -D(kq  4-  vkt) 

where  D  is  the  plate  flexural  rigidity,  defined  by 

Efi' 3 

_  12(1  —  v2)  ’ 


(3.12) 


(3.13) 


3.3.5  Governing  Equations 

Beginning  with  the  three  equilibrium  equations  (5.9),  (5.10),  and  (3.6),  the  governing  differential 
equations  for  the  plate  can  be  derived.  Integrating  (5.10)  with  respect  to  r  from  r &  to  r  yields 


(Qrr  -  Qrbn)  +  (nt^  -  Nrb  ( J)  J  +  \p{r2  -  rl)  =  0 

Since  the  shear  force  at  r &  is  QVb  =  7^  and  since  {^)rb  =  0,  it  follows  that 


Substituting  the  moment-curvature  relations  (3.12)  into  (3.6)  gives 

1  d2w  1  dw\  __ 

r  dr 2  r2  dr  J 


Qr+D^  + 


(3.14) 


(3.15) 


(3.16) 
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Combining  (3.16)  with  (3.15)  produces 


cfiw  1  dPw  1  dw  Nr  dw 
dr 3  r  dr 2 


/  ,  P( r2~rg) 

2%rD  2  rD  ' 


r2  dr  D  dr 

Rewriting  the  strain-displacement  relations  (3.8)  and  (3.9)  in  the  following  manner, 


der 

r—  +eg-er  + 


1  /du>\2 

o  hr  =0, 


dr  'T  '  2  \  dr  ) 

and  substituting  the  material  Hooke’s  Law  relations  (3.11)  into  (3.18)  produces 


(3.17) 


(3.18) 


dNe  /Nr-Ng\  Eh(dw\2_[. 
dr  \  r  /  2r  \  dr  / 


(3.19) 


Equations  (5.9),  (3.17),  and  (3.19),  therefore  form  a  set  of  three  non-linear  differential 
equations  in  the  three  unknowns  Nr,  Ng,  and  w.  The  boundary  conditions  corresponding  to 
these  equations  can  be  written  as  follows: 


at  r  =  rb  :  u  =  ree  =  0  ->•  Ne  -  uNr  =  0,  —  =  0  (3.20) 


at  r  =  ra  :  u  =  reg  =  0  -*  Ng  -  vNr  =  0,  —  =  0  (3.21) 

dr 

It  is  interesting  to  note  at  this  point  that  these  equations  are  non-linear  because  of  the  term 
T)W  *n  (317).  If  the  plate  were  deforming  only  in  the  linear  regime,  the  term  Nr  =  0,  and 
therefore  the  three  governing  differential  equations  would  condense  into  the  following  single 
linear  equation, 


d3io  1  d?w  1  dw  f  p(r 2  -  r?) 

+  ^D  +  S^D  <3-22> 

which  could  be  integrated  three  times  to  obtain  a  solution  for  i u(r),  as  was  detailed  in 
Chapter  2  of  this  thesis. 

3.3.6  In-Plane  Prestress 

As  often  is  the  case  with  micromachined  thin  plate  structures,  residual  tensile  stresses  in  the 
plate  can  exist  prior  to  transverse  loading.  These  initial  in-plane  loads  serve  to  pretension  the 
plate  and  can  significantly  affect  the  resulting  deformation  behavior.  The  complete  loading 
parameters,  Nr  and  Ng,  can  therefore  be  decomposed  into  initial  in-plane  prestressing  compo¬ 
nents  Nro  and  Ng0,  and  into  components  due  to  the  transverse  pressure  loading  Nr  and  Ng.  as 
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follows: 


Nr  =  Nro  4”  Nr 

(3.23) 

N$  =  Nq0  +  Ne. 

(3.24) 

These  parameters,  Nr  and  Nq,  can  be  thought  of  as  incremental  changes  in  Nr  and  Ne  due 
to  the  application  of  the  transverse  loading  on  top  of  the  already  prestressed  plate. 

Derivation  of  Nro  and  N$0 

It  is  desired  to  obtain  expressions  for  the  in-plane  prestress  that  results  from  a  uniform  tension 
load  Nr  —  N0  applied  at  r  —  ra  with  zero  displacement  u  =  0  at  r  =  r&.  Since  p  =  0  and 
u;(r)  and  its  derivatives  with  respect  to  r  are  zero,  only  (5.9)  of  the  three  governing  equations 
remains.  The  strain-displacement  relations  (3.8)  and  (3.9)  can  be  simplified  to: 


Figure  3.3:  Schematic  of  an  annular  plate  with  a  rigid  central  boss  under  pretension.  Loading 
N0  is  applied  radially  outward  at  r  —  ra 


cr  — 


du 

dr 


te 


(3.25) 


Substituting  (3.25)  into  (3.11)  and  rearranging  for  Nr  and  Nq  produces 


(■£♦;)•  <3“> 

Inserting  (3.26  into  (5.9)  results  in  a  solution  for  u(r): 


u(r)  = 


Nn 


+")  +  (^)2(!  -  I/)] 


(3.27) 


Inserting  this  relation  for  u(r)  back  into  (3.26)  yields  the  following  expressions  for  the  initial 
in-plane  tensile  loads: 
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and 


where 


(3.28) 

(3.29) 

(3.30) 


It  is  interesting  to  observe  here  that  these  in-plane  tensile  loads  vary  with  r,  unlike  the 
in-plane  tensile  loads  for  a  circular  plate  with  no  rigid  central  boss,  which  do  not  vary  with  r, 


Nro  —  Nq0  — 


N0(  1  -  vf 
Et 


(3.31) 


Governing  Equations  for  Complete  Loading 

Having  found  expressions  for  the  initial  prestressing  in-plane  loads,  (5.2)  and  (3.29)  can  be 
substituted  into  the  three  previous  governing  differential  equations  (5.9),  (3.17),  and  3.19)  to 
produce  the  following  three  refined  governing  equations,  in  terms  of  Nr,  Ne,  and  N0, 


d3w  1  (Pw 
dr3  r  dr 2 

and 


/  .  P{r2~rl) 

2?r  rD  2  rD  5 


(3.32) 


(3.33) 


(3.34) 


3.3.7  Non-Dimensionalized  Governing  Equations 


In  order  to  generalize  these  equations  for  ease  of  use,  the  non-dimensionalization  procedure 
of  Sheplak  and  Dugundji  is  followed,  with  the  subsequent  non-dimensional  parameters  being 
defined, 


dW  _  ra  dw 
d£  t  dr 


r\  d2w 
t  dr 2 
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(3.35) 


Nrlj 

Et 3 


The  governing  equations  (3.32),  (3.33),  and  (3.34)  can  therefore  be  reexpressed  in  non- 
dimensional  form  as 


S  +  ^  =  o, 


(3.36) 


and 


e"  + 1  e  - 12(1  -  v2)sre  =  6(1  -  V2)  (p£  -  f  (^rf  +  f )  >  (3-37) 

S'e  -  =  -I02  (3.38) 


where 


■  =  ^ 


ra\  12(1  —  v2)Nc 


Pri 


fra 


Et(  1  +  /32) 


0  ’  '  =  ’  P  =  W-  ttEF' 


(3.39) 


The  parameters  k  and  s  are  dimensionless  pretension  parameters  and  P  is  a  dimensionless 
transverse  loading  parameter.  The  boundary  conditions  can  be  written  as 


at  =  Sg-i/Sr=  0  ,  9  =  0 

ra 


(3.40) 


at  t=£a  =  l:  Sg  —  vSr  =  0  ,  9  =  0.  (3.41) 


For  use  in  the  numerical  finite-difference  code  to  be  discussed  in  the  next  section,  (3.36), 
(3.37),  and  (3.38)  can  be  simplified  to  two  non-dimensional  governing  equations  in  the  variables 
Sr  and  9  by  substituting  (3.36)  into  (3.38)  to  eliminate  Sg.  Therefore,  the  following  set  of 
equations  is  ready  for  finite-difference  implementation: 


£2S"  +  3£S;  =  - 


61 

2 


£20//  +  £0/  _  +  1)  +  £2(fc2  +  12(i  _  „2)Sr)]9  =  6(1 


v2)  ^P£3_P£^2  +  F£^ 


(3.42) 

(3.43) 
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where 


h_(ra\  /l2(l  -  v2)N0 
\t)  V  Et(  1+/32) 

s  =  13k 

Et 4 

fr2 

p  _  J  'a 

■nEt* 

(3.44) 

Boundary  Conditions: 

at  £  =  6  : 

£S'r  +  (1  -  v)Sr  =  0  , 

e  =  o 

(3.45) 

at  ^  =  £a  : 

iS'T  +  (1  -  v)Sr  =  0  , 

6  =  0 

(3.46) 

Post-Equation: 

So  =  tS'r  +  Sr. 

(3.47) 

3.3.8  Finite-Difference  Implementation 

The  non-linear  dimensionless  governing  differential  equations  (3.42)  and  (3.43)  can  not  be  solved 
directly  due  to  the  presence  of  the  non-linear  term  Sr6  in  (3.43).  As  a  result,  they  must  be 
numerically  solved.  This  section  details  the  implementation  of  a  finite-difference  scheme  to 
accomplish  this  goal.  Sheplak  and  Dugundji’s  work  on  the  non-linear  deflection  of  clamped  cir¬ 
cular  plates  highlights  the  importance  of  a  boundary  layer  region  near  the  plate’s  clamped  outer 
radius.  For  large  deflections,  it  is  within  this  region  that  a  transition  from  membrane  behav¬ 
ior  to  plate  bending  behavior  occurs.  To  accurately  model  this  region,  Sheplak  and  Dugundji 
introduced  a  coordinate  transformation  that  clusters  a  higher  density  of  finite-difference  grid 
points  in  this  region  than  in  the  central  regions  of  the  plate. 

In  the  case  of  an  annular  plate  with  clamped  outer  radius  and  guided  inner  radius  (cor¬ 
responding  to  a  rigid  central  cap),  a  similar  procedure  can  be  carried  out.  However,  in  this 
situation,  it  is  necessary  to  introduce  a  more  detailed  coordinate  transformation  that  clusters 
grid  points  at  both  r  =  ra  and  r  =  so  that  the  two  corresponding  boundary  layer  regions 
can  be  accurately  resolved.  Letting  &  =  J(&  +  &)  and  defining  77  to  be  a  set  of  equally  spaced 
grid  points  between  0  and  1,  a  proposed  coordinate  transformation  is: 

■  0  <  ,  <  OJi  =  f  =  6  +  («  -  Ute,  -  {,)  (*=££)  (3.48) 

for  0.5  <t]  <1:  (  =  (.  +  (»-  l)(f.  -  {„)  ( j  ~  (3.49) 

where  a  is  a  coordinate  stretching  parameter  varying  between  1  and  oo  and  <j>  =  [g±I]. 
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The  closer  a  is  to  1,  the  higher  the  mesh  density  near  r  =  r*,  and  r  =  ra  in  the  coordinate 
transformation. 

An  example  of  this  coordinate  transformation  is  illustrated  in  Figure  3.4,  for  the  case  of 
£b  =  0.1  and  for  20  grid  points  existing  between  £&  and  £a.  In  Plot  3.4(a),  a  value  of  a  —  10 
results  in  an  evenly  spaced  finite-difference  grid  mesh  between  the  inner  and  outer  dimensionless 
boundary  of  the  plate.  As  ot  approaches  1  in  Plots  3.4(c)  and  3.4(d),  an  increase  in  the  mesh 
density  begins  to  appear  near  the  boundaries.  For  the  numerical  code  implemented  in  this 
thesis,  values  of  a  between  1.01  and  1.05  and  number  of  grid  points  between  100  and  200  were 
commonly  employed. 
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Figure  3.4:  Coordinate  transformation  grid  point  locations  for  differing  values  of  a. 


Having  defined  these  coordinate  transformations,  it  is  required  to  derive  equations  for  77, 
and  as  functions  of  £  for  use  in  the  final  coordinate  transformation  governing  differential 
equations  to  be  presented  on  the  following  pages.  Rearranging  (3.48)  and  (3.49)  and  taking 
derivatives  with  respect  to  £  produces  the  following  relations: 

For  £&  <  £  <  £c: 


dr]  _  1  f _ m(l  +  4>) _ 

d£  2ln4>  \(rruf)  —  (£  —  £b))(m  +  (£  —  &>)) 


(3.50) 

(3.51) 
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(3.52) 


-1  /  m(l  +  <p)(n  —  2£) 

d?  21n^  V[(m^-(C-e6))(m  +  (e-e6))]2 


where  m=(a-  l)(£c-&) 

where  n  =  m<£  —  m  +  2^. 

For  6  <  £  <  £a: 

dv  _  -1  / _ m(l  +  <f>) _ \ 

d£  2ln<f>  \(mcj)- (f -£a))(m  +  (£ -fa))J 

A  _  1  /  m(l  +  <ft)(n  -  2j) 

d?  21n<£  V[W>  -  (£  -  £a))(m  +  (£  -  £a))]2 

where  m  =  (a- 1)(&  -  £a)  (3.57) 

where  n  =  m<j>  -  m  +  2£a. 


Incorporating  these  coordinate  transformations  into  the  set  of  Equations  (3.42)  -  (3.47),  the 
transformed  set  of  equations  can  be  written  as 


Ms 

1) 

(3.58) 

(«2(»?)^  +f(»?)|)  ^  -  [(»2  +  1)  +  f2(»?)(fcs  +  12(1  -  «^2)5r(i;)]  6(V) 

=  6(1  -  *2)  -  Pffo)  (^)2  +  Fffo)) 

(3.59) 

Boundary  Conditions: 

at  t)  —  0  : 

*  (df)  (' )  +  ^  “  ‘W’*)  =  0  ,  0fa)  =  0 

(3.60) 

at  7]  —  1  : 

^O(^)+(1_,/)5r(,?)=0  ’  A)  =  0 

(3.61) 

(3.53) 

(3.54) 

(3.55) 

(3.56) 
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Post-Equation: 


(3.62) 


*«-«•>(! 

These  equations  are  solved  using  a  2nd-order  central  finite  difference  scheme  for  the  interior 
grid  points,  a  2nd-order  forward  difference  scheme  for  the  grid  point  corresponding  to  the 
boundary  condition  at  the  inner  radius,  and  a  2nd-order  backward  difference  scheme  for  the 
grid  point  corresponding  to  the  boundary  condition  at  the  outer  radius.  These  equations  are 
cast  into  two  matrix  relations  as  follows: 

[A]0  =  C  (3.63) 

[B]Sr  =  -\d2.  (3.64) 

An  initial  guess  for  6  is  taken  based  on  the  solution  to  the  linear  problem.  Based  on  this  0, 
Sr  is  determined  and  the  nonlinear  term  12(1  —  ^2)£2(??)5'r  is  calculated.  Having  incorporated 
this  nonlinear  term  into  [A],  the  new  solution  for  9  is  determined.  The  error  between  the 
previous  6  and  the  newly  obtained  6  is  calculated.  If  this  error  is  sufficiently  small,  then  the 
procedure  is  complete  and  the  solution  vector  6  has  been  found.  If  the  error  is  too  large,  an 
under  relaxation  technique  is  used  to  produce  a  new  6  guess  and  the  procedure  is  repeated. 
This  iteration  scheme  continues  until  0  converges  to  a  sufficiently  accurate  result. 

3.3.9  Post-Processing  Calculations 

Once  the  non-linear  solution  procedure  has  been  completed  and  Sr ,  S#,  and  0  have  been  found, 
it  is  desired  to  obtain  the  deflection  w  of  the  plate,  the  curvature  of  the  plate,  and  the 
stresses  ar  and  within  the  plate.  These  calculations  are  described  in  the  following  sections. 

Calculation  of  w 

As  detailed  in  (3.35),  6  —  ^  To  calculate  w ,  finite  differences  are  implemented  to 

express  6  in  terms  of  PF, 

e  =  [Wmatrix]W.  (3.65) 

Then,  since  the  vector  6  is  known,  this  relation  is  rearranged  to  solve  for  W, 

w  =  [Wmatrix]-le.  (3.66) 

Finally,  the  dimensional  vector  w  is  calculated, 

w  =  Wt.  (3.67) 
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Calculation  of 

The  non-dimensional  plate  curvature  $  is  calculated,  according  to  (3.35),  using  2nd-order  finite 
difference  schemes, 


The  dimensional  plate  curvature  is  then  calculated, 


<Pw  _  t 

r f 


(3.68) 


(3.69) 


Calculation  of  crT  and  og 

In  general,  the  dimensional  plate  stresses  can  be  expressed  as 


Et2 

_2  (Sro  Sr  Sr pending) 

Ta 

(3.70) 

Et 2 

o  "b  ^6  "b  bending) 

ra 

(3.71) 

where  Sro  and  So0  are  the  dimensionless  initial  in-plane  stresses  prior  to  plate  transverse 
loading,  Sr  and  Sq  are  the  dimesnionless  in-plane  stresses  created  during  plate  deflection,  and 
Sr, bending  and  SQ^en(ang  are  the  dimensionless  bending  stresses  created  during  plate  deflection. 
Each  of  these  contributions  is  considered  as  follows. 


STo  and  Sp0  Combining  (5.2),  (3.29),  and  (3.35),  the  dimensional  initial  in-plane  stresses  are 
found  to  be 


~  Se°  ~  (l2(l&-  i/2))  1  +/?2  ("t)  ‘ 


,12(1  ~^)J 

Sr  and  Sq  These  are  the  results  directly  from  the  numerical  code. 


(3.72) 


Sr  pending  Spending  For  plate  bending,  the  radial  and  tangential  strains  are  functions  of 

the  distance  from  the  neutral  axis  [3], 


__  (fiw 

^r, bending  ~ 

According  to  (3.11), 


_  zdw 
bending  ~  “  ~  ' 


(3.73) 
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(3.74) 


er  =  -g(ffr  -  we)  ,  ee  =  — (cre  -  vaT). 

Substituting  (3.73)  into  (3.74)  and  rearranging  in  terms  of  or  and  <7$,  then  incorporating 
(3.35)  yields, 


pending  —  &r, bending (^)  —  ^ 

M) 

(3.75) 

&Q, bending  —  S$,bending{z )  ^  ^ 

(3.76) 

Therefore,  the  dimensional  plate  stresses  oT  and  og  can  be  assembled  from  these  three  stress 
contributions. 


3.4  Results  of  Numerical  Code 

This  section  presents  results  to  illustrate  the  capability  of  the  numerical  code  to  capture  the 
non-linear  large  deflection  behavior  of  a  thin  annular  plate  with  a  rigid  central  cap.  As  an 
example,  consider  a  silicon  plate  with  r &  =  400 pm,  ra  —  800 pm,  tvm  =  7/zra,  Esi  —  165 GPa, 
and  v  =  0.22.  This  structure  is  shown  in  Figure  3.5.  The  following  subsections  use  this  plate 
geometry  under  varying  loads  to  show  important  non-linear  phenomena.  Sections  3.4.1  and 
3.4.2  highlight  the  differences  between  linear  and  non-linear  deflection  theory  for  two  distinct 
loading  scenarios.  Section  3.4.3  focuses  on  the  presence  of  thin  boundary  layer  regions  near  the 
clamped  boundaries  and  the  change  in  these  regions  as  the  plate  is  deflected  more  and  more  into 
the  large  deflection  regime.  And  Section  3.4.4  discusses  the  effect  that  initial  in-plane  tension 
can  have  on  the  plate  deflection  behavior. 


Pi 


P2 
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,  P2 

Llllu 
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m/ti  n  ?  m  1 1  r  t  r1 

tvm 

Figure  3.5:  Schematic  of  an  annular  plate  with  a  rigid  central  boss  under  pressure  loading  Pi, 
P2,  and  P3. 
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3.4.1  Loading:  Pi  =  P2  =  o,  P3  =  100 kPa,  N0  =  0 

Figure  3.6  displays  the  linear  and  non-linear  plate  behavior  for  loading  of  Px  =  P2  =  Ok  Pa 
and  Pi  =  100 kPa  and  zero  initial  in-plane  tension.  From  plot(a),  it  is  clear  that  the  deflec- 
tion  (=  11.5 pm.)  calculated  using  the  numerical  code  is  significantly  less  than  that  (=  31.5 pm) 
predicted  by  linear  theory.  Thin  plate  structures,  such  as  the  one  under  consideration,  experi¬ 
ence  significant  in-plane  stresses  as  the  deflections  grow  larger  than  the  plate  thickness.  It  is 
evident  that  this  non-linear  code  captures  this  behavior.  Shown  in  plots  (b)  and  (c)  are  the 
dimensional  linear  and  non-linear  plate  slopes  (^)  and  curvatures  ).  Note  the  boundary 
condition  enforcement  of  zero  slope  at  rj,  and  r„.  Plot  (d)  illustrates  the  stress  ar  at  the  top 
and  bottom  plate  surfaces  predicted  by  the  non-linear  code.  In  this  case,  the  peak  tensile  stress 
in  the  plate  is  0.45GPo  and  occurs  on  the  underside  of  the  plate  at  ra. 


Figure  3.6:  Deflection  of  thin  annular  plate  under  loading  Px  -  P2  =  0,  P3  =  lOOfcPa.  Plate 
dimensions  and  properties:  rb  =  400pm,  ra  =  800 pm,  t  =  7pm,  Esi  =  165 GPa,  and  u  =  0.22. 


3.4.2  Loading:  Px  =  2.90 MPa,  P2  =  0,  P3  =  1.30MPo,  N0  =  0 

Figure  3.7  displays  the  linear  and  non-linear  plate  behavior  for  loading  of  P\  =  2.90 MPa, 
Pi  =  0 MPa  and  P3  =  1.30 MPa,  and  zero  initial  in-plane  tension  loading.  These  pressure 
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loadings  were  chosen  to  illustrate  the  difference  between  linear  and  non-linear  theory  even  when 
the  valve  cap  deflection  predicted  in  both  cases  is  identical.  Prom  plot  (a),  it  is  clear  that  the 
inner  radius  deflection  predicted  by  both  the  linear  and  non-linear  code  is  identical  (=  0.7/im). 
However,  the  deflection  behavior  of  the  interior  sections  of  the  plate  are  quite  different,  due  to 
the  stiffening  effect  of  the  plate,  which  is  accurately  captured  by  the  non-linear  code.  Linear 
theory  predicts  a  peak  plate  deflection  near  18 fim  whereas  non-linear  theory  predicts  a  plate 
deflection  near  9 \xm.  Shown  in  plots  (b)  and  (c)  are  the  dimensional  linear  and  non-linear  plate 
slopes  (^r)  and  curvatures  (^r).  Again,  note  the  boundary  condition  enforcement  of  zero  slope 
at  rb  and  ra.  Also,  note  the  presence  of  near  constant  curvature  toward  the  central  portions  of 
the  plate  for  the  non-linear  theory.  This  is  due  to  the  fact  that  the  structure  is  behaving  more 
like  a  membrane  than  a  plate  in  these  sections.  At  values  of  r  closer  to  the  boundaries  at  and 
rtt,  the  curvature  changes  significantly.  It  is  in  these  boundary  layer  regions  that  the  bending 
stresses  become  greater  than  the  in-plane  tensile  stresses,  and  the  structure  transitions  back 
to  plate  behavior.  Plot  (d)  further  illustrates  this  point.  The  total  stress  ar  at  the  top  and 
bottom  plate  surfaces  remain  almost  constant  in  these  central  membrane  sections,  however  they 
increase  sharply  toward  the  boundaries.  It  is  here  that  the  bending  stresses  dominate.  In  this 
case,  the  peak  tensile  stress  in  the  plate  is  approximately  1.80 GPa  and  occurs  on  the  bottom 
of  the  plate  at  r&.  In  this  loading  situation,  although,  the  inner  radius  deflection  is  predicted 
to  be  the  same  by  the  linear  and  non-linear  code,  the  deflection  of  the  interior  portions  of  the 
plate  are  quite  different.  When  analyzing  the  active  valve  behavior,  the  volume  swept  under 
the  membrane  would  be  overestimated  if  linear  theory  were  to  be  used. 

3.4.3  Loading:  Px  =  P2  =  0,  Varying  P3,  N0  =  0 

To  understand  the  concept  of  increasing  plate  stiffness  and  the  presence  of  thin  boundary  layers 
regions  near  rb  and  ra  as  the  plate  is  pushed  further  into  the  large  deflection  regime,  the  plate  is 
subjected  to  varying  pressure  P3  beneath  the  membrane  and  cap  and  no  other  loading.  Figure 
3.8(a)  illustrates  the  cap  deflection  at  r  =  rb  for  increasing  applied  pressure  P3  from  0  to  10  MPa. 
A  non-linear  pressure-deflection  curve  is  evident.  As  the  plate  experiences  larger  deflections, 
higher  pressure  increase  increments  are  required  to  produce  the  same  deflection  increments. 
The  plate  is  becoming  stiffer  as  its  deflection  increases.  Figure  3.8(b)  shows  a  magnification 
of  part  of  this  curve,  from  0  to  0.06  MPa  applied  pressure.  Notice  that  the  pressure-deflection 
curve  is  linear  up  to  deflections  of  approximately  half  the  plate  thickness,  tvm  —  3.5 fim.  Linear 
deflection  theory  is  accurate  for  this  small  deflection  regime. 

Figure  3.8(c)  displays  the  normalized  plate  deflection  shapes  for  P3  loading  of  0.01  MPa, 
O.IMPa,  IMPa,  lOMPa,  and  lOOMPa.  When  P3  =  O.OIMPa,  the  plate  deflection  is  very  small 
(  2.8/im),  and  therefore  the  plate  experiences  only  bending  stresses.  When  P3  —  O.IMPa,  the 
plate  deflection  is  11/im  and  therefore  the  plate  has  entered  the  large  deflection  regime.  From 
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Figure  3.7:  Deflection  of  thin  annular  plate  under  loading  Pi  =  2.9 MPa,  P2  =  0,  P3  =  l.ZMPa. 
Plate  dimensions  and  properties:  rb  =  400pm,  ra  =  800pm,  t  =  7pm,  Esi  L  U5GPa  and 
v  =  0.22. 


Figure  3.8(d),  one  can  observe  a  slight  reduction  in  the  size  of  boundary  layer  regions  near  rb 
and  ra.  When  P3  =  10 MPa,  the  deflection  is  relatively  large  (  64pm).  The  boundary  layers 
have  been  decreased  to  very  thin  regions.  In  the  central  portions  of  the  plate,  the  in-plane  tensile 
stresses  dominate  the  bending  stresses  and  therefore  the  plate  curvature  is  constant.  However, 
near  the  boundaries,  the  bending  stresses  are  not  negligible  and  therefore  the  plate  curvature 
changes  significantly.  This  is  the  region  of  transition  from  membrane  to  plate  behavior. 

3.4.4  Loading:  P1  =  P2  =  0,  Phac  =  100A:Pa,  Varying  N0 

It  is  also  interesting  to  note  the  effect  of  pretensioning  on  the  plate  deflection.  Pretensioning 
the  plate  in  the  radial  direction  has  the  same  effect  as  forcing  the  plate  to  experience  large 
deflections,  in  that  it  increases  the  in-plane  tensile  stress  within  the  plate.  Figure  3.9  illustrates 
this  phenomenon  for  the  plate  described  above  under  pressure  loading  Pi  =  P2  =  0  and  P3  = 
lOOfcPa.  As  the  plate  pretension  (in  units  of  stress)  is  increased  from  zero  to  750MPa,  the  plate 
deflection  at  rb  decreases  from  11.5pm  to  1.3pm.  It  is  therefore  critical  when  micromachining 
thin  plate  structure  to  estimate  the  magnitude  of  residual  in-plane  stresses  that  could  result  from 
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Figure  3.8:  Deflection  of  thin  annular  plate  under  varying  P3  loading  with  Pi  =  P2  =  0  and 
N0  =  0.  Plate  dimensions  and  properties:  n  —  400/xm,  ra  =  800/ira,  t  =  7/jm,  Esi  =  165GPa, 
and  v  —  0.22. 


wafer  processing.  The  presence  of  any  such  stresses  could  substantially  alter  the  performance 
from  that  predicted  by  theory. 


3.5  Matlab  Non-Linear  Tools 

The  previous  results  have  proven  the  capability  of  this  numerical  code  to  predict  the  non-linear 
deformation  behavior  of  a  thin  plate  structure  with  a  rigid  central  cap.  In  the  subsequent  active 
valve  design,  modeling,  and  optimization  chapters  of  the  thesis,  this  large  deflection  numerical 
code  is  implemented  in  three  distinct  ways  to  allow  for  a  variety  of  approaches  to  understanding 
the  non-linear  behavior  of  the  valve  cap  and  membrane.  Each  of  these  approaches  is  contained 
in  a  separate  Matlab™  numerical  code,  and  therefore  act  as  a  modeling  tool  for  future  use. 
These  approaches  are  illustrated  in  Figure  3.10. 

The  first  approach,  detailed  in  Figure  3.10(a),  calculates  the  valve  cap  deflection  and  as¬ 
sociated  plate  behavior,  given  the  pressure  across  the  valve  membrane  Pvm  and  the  effective 
force  acting  on  the  valve  cap  Fvc .  For  the  loading  terminology  in  this  chapter,  the  effective 
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Figure  3.9:  Deflection  of  a  thin  annular  plate  under  loading  Pi  =  P2  —  0,  Pjiac  =  100 kPa, 
with  varying  N0.  Plate  dimensions  and  properties:  rb  =  400/zm,  r0  =  800/m,  t  =  7 um. 
ES{  =  165 GPa,  and  v  =  0.22. 

force  on  the  valve  cap  would  be  Fvc  =  AVC{PZ  -  Pi).  The  effective  force  could  be  the  resultant 
of  only  pressures  P3  and  Pi  (acting  over  the  valve  cap  area)  if  the  valve  cap  is  unrestrained, 
or  it  could  be  the  resultant  of  pressures  P3,  Pj,  and  a  reaction  force  imposed  on  the  valve  cap 
by  an  external  structure  if  the  cap  is  closed  against  a  valve  stop.  This  Matlab™  code,  labeled 
NLValveCapMembrane-CaseA.m  and  included  for  reference  in  Appendix  B.l,  will  be  used  in 
Chapter  3  as  a  part  of  the  complete  non-linear  active  valve  quasi-static  model. 

The  second  approach,  detailed  in  Figure  3.10(b),  calculates  the  pressure  across  the  valve 
membrane  Pwm  such  that  the  valve  deflection  attains  a  certain  value  Zvc,  given  a  known  value  of 
Fvc'  This  Matlab  code,  labeled  NLValveCapMembrane-CaseB.m  and  included  for  reference 
in  Appendix  B.2,  will  be  important  in  Chapter  5  for  determining  the  necessary  PnAc{t)  time 
history  within  the  active  valve  in  order  to  produce  a  desired  Zvc(t)  trajectory  when  the  external 
loading  time  histories  Pj(t)  and  P2(t)  are  given. 

The  third  approach,  detailed  in  Figure  3.10(c),  calculates  the  force  on  the  valve  cap  Fvc 
required  to  produce  a  particular  valve  cap  deflection  Zvc  under  a  known  loading  Pvm.  This 
Matlab  code,  labeled  NLValveCapMembrane-CaseC.m  and  included  for  reference  in  Ap¬ 
pendix  B.3,  will  be  used  in  Chapter  3  to  determine  the  reaction  force  exerted  by  a  valve  stop 
structure  on  the  valve  cap  when  given  all  three  pressure  loadings  Pu  P2,  P3,  and  an  imposed 
valve  cap  deflection  (ie:  hitting  a  stop). 

All  three  of  these  Mat  lab^  '^  tools  share  the  same  non-linear  theory  and  finite-difference 
implementation  as  presented  in  this  chapter.  They  differ  only  in  the  organization  of  the  system 
matrices  and  the  procedure  in  which  the  various  known  and  unknown  quantities  are  handled. 
All  are  capable  of  outputting  the  entire  plate  spatial  deflection  vector,  as  well  as  the  spatial 
slope  and  curvature  vectors,  and  the  plate  top  and  bottom  surface  spatial  stress  vectors.  The 
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Figure  3.10:  Matlab  Tools  for  Use  in  Subsequent  Chapters:  (a)  NLValveCapMembrane- 
CaseA.m,  (b)  NLValveCapMembrane-CaseB.m,  and  (c)  NLValveCapMembrane-CaseC.m. 


codes  included  in  Appendix  B  are  written  as  Matlab™  functions. 


3.6  Conclusions 

This  chapter  has  presented  the  theory  governing  the  non-linear  deflection  of  a  thin  annular 
plate  with  a  rigid  central  cap  and  has  detailed  the  development  of  a  numerical  code  to  capture 
this  behavior.  The  results  of  the  code  have  been  compared  to  linear  theory  and  important 
phenomena  such  as  in-plane  pretension  effects  and  plate/ membrane  boundary  layer  regions 
have  been  discussed.  Since  this  theory  is  critical  for  the  development  of  the  active  valve  device 
proposed  in  this  thesis,  three  distinct  Matlab™  codes/tools  have  been  written  for  use  in  the 
design,  modeling,  and  valve  optimization  chapters  that  follow. 
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Chapter  4 


Active  Valve  Non-Linear  Model  and 
Simulation 


This  chapter  combines  the  linear  and  non-linear  modeling  tools  presented  in  Chapters  2  and 
3  to  create  a  quasi-static  structural  model  of  the  full  piezoelectrically-driven  active  valve.  In 
addition,  the  chapter  introduces  a  dynamic  simulation  architecture  for  the  valve,  which  includes 
the  inertia  and  damping  associated  with  the  drive  element  piston  and  valve  cap  structural 
elements.  Calculation  of  the  coupled  fluid-structure  resonant  valve  frequency,  based  on  finite- 
element  models,  is  also  presented. 

4.1  Quasi-Static  Active  Valve  Model 

A  quasi-static  active  valve  model,  incorporating  only  linear  structural  behavior,  was  presented  in 
Chapter  2.  By  combining  this  model  with  the  numerical  code  developed  in  Chapter  3  to  model 
the  large-deflection  behavior  of  the  valve  membrane,  a  complete  quasi-static  non-linear  active 
valve  model  can  be  formulated.  This  model  consists  of  two  primary  solving  steps,  as  shown 
in  Figure  4.1.  In  the  first  step,  a  matrix  A  is  generated  which  captures  all  linear  relationships 
within  the  valve  structure.  In  the  second  step,  this  matrix  is  used  in  combination  with  one  of 
the  previously  described  non-linear  tools,  NLValveCapMembrane-CaseA.m,  to  solve  iteratively 
for  the  complete  active  valve  behavior. 

Since  the  valve  membrane  is  the  only  structural  component  of  the  active  valve  for  which 
non-linear  modeling  is  required,  the  linear  compliance  matrix  A  can  be  defined  by: 

Y  =  [A]U.  (4.1) 

where  Y  is  a  vector  of  active  valve  variables  to  be  calculated  using  linear  theory,  and  U  is 
a  vector  of  input  variables  required  to  calculate  Y.  This  matrix  relation  can  be  rewritten  in 
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Figure  4.1:  Calculation  procedure  for  non-linear  quasi-static  active  valve  model. 


more  detail  as: 
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Zdc 

^14,1 

^14,2 

^14,3 

4i4,4 

V'p 

Pi 

P2 

Phac 


(4.2) 


For  a  given  active  valve  geometry,  the  coefficients  of  the  linear  compliance  matrix  A  are  cal¬ 
culated  (see  Maple™  code  FullActiveValve(Non-Linear).mws  in  Appendix  C.l).  For  a  known 
set  of  loadings  Vp ,  Pi,  and  P2,  an  initial  guess  for  the  equilibrium  pressure  Phac  is  assumed, 
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and  the  variables  contained  in  Y  are  calculated.  With  this  value  of  PhaCi  the  non-linear  tool 
NLValveCap Membrane-Case A.m  is  called  to  calculate  Zvc  and  dVvm.  A  check  is  then  made  of 
the  summation  of  swept  volumes, 


dVcheck  —  dVvm  4"  dVtop  dVfe  d,Vpis  dV fluid •  (^*3) 

If  dVcheck  >  0,  the  initial  guess  for  Phac  was  too  large.  Conversely,  if  dVcheck  <  0,  the 
initial  guess  for  Phac  was  too  small.  Depending  on  the  result,  a  modified  value  of  Phac  is 
attempted.  This  iteration  procedure  is  carried  out  until  subsequent  iteration  values  of  dVcheck 
are  confined  to  within  a  specified  tolerance.  At  this  point,  an  equilibrium  solution  for  the  active 
valve  under  the  specified  loading  conditions  has  been  achieved. 


4.2  Accuracy  of  Quasi-Static  Model 

The  accuracy  of  this  quasi-static  active  valve  model  can  be  verified  by  comparing  its  results 
under  various  loading  conditions  to  those  of  a  finite-element  model.  In  making  this  comparison, 
the  goodness  of  the  assumptions  used  in  this  analytical  model  can  be  evaluated. 

4.2.1  Assumptions  in  Model 

The  analytical  active  valve  model  uses  linear  and  non-linear  plate  theory  to  model  the  com¬ 
pliances  of  the  structural  components.  Boundary  conditions  for  each  of  the  components  were 
chosen  in  an  effort  to  accurately  represent  the  geometries  of  a  real  device.  However,  it  would 
be  impossible  to  achieve  100%  perfect  correlation  between  the  analytical  model  and  a  finite- 
element  model,  or  a  real  device.  Therefore,  prior  to  comparing  the  analytical  and  finite-element 
models,  the  following  thoughts  concerning  model  correlation  are  put  forth: 

1.  Both  the  valve  membrane  structure  and  the  drive  element  piston  tethers  have  been  mod¬ 
eled  with  rigid  boundary  conditions  along  their  respective  inner  and  outer  circumferences. 
In  reality,  because  these  interfaces  are  not  in  fact  rigid,  one  might  expect  a  “local”  soften¬ 
ing  effect  at  these  locations  that  would  make  these  plate  structures  softer  than  predicted 
by  theory. 

2.  Bending  and  shearing  effects  have  been  accounted  for  in  the  linear  analytical  equations 
governing  the  drive  element  piston,  the  top  plate  structure,  and  the  bottom  plate  struc¬ 
ture.  Due  to  the  fact  that  shearing  coefficients  are  not  well  understood  for  these  types 
of  plate  geometries,  some  non-correlation  between  analytical  and  finite-element  results  is 
expected.  Additionally,  because  these  plate  geometries  and  associated  boundary  condi¬ 
tions  are  somewhat  complex  (ie:  the  presence  of  the  piezoelectric  cylinder  beneath  the 
piston  and  above  the  bottom  plate),  some  degree  of  non-correlation  is  expected. 
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It  is  hoped,  however,  that  even  with  all  of  these  uncertain  issues  associated  with  material 
properties  and  geometric  boundary  conditions,  the  correlation  between  the  analytical  and  finite- 
element  model  will  be  within  ~  10%  for  a  range  of  loading  parameters  that  covers  the  design 
space  for  the  proposed  active  valve. 

4.2.2  FEM  Model  Geometries  and  Correlation  Procedure 

Two  finite-element  models  of  the  active  valve  have  been  developed  to  estimate  the  accuracy 
of  the  analytical  quasi-static  active  valve  model.  The  first  model,  illustrated  in  Figure  4.2, 
uses  8-node  axisymmetric  plane  elements  for  all  of  the  component  structures,  including  the 
fluid.  Material  properties  for  silicon  and  pyrex  are  assigned  appropriately,  as  are  the  bulk 
modulus  properties  for  the  contained  hydraulic  fluid.  As  shown  in  Figures  4.2(b)  and  4.2(c), 
the  valve  membrane  and  drive  element  tethers  structures  do  not  include  fillet  radius  features. 
Since  the  analytical  model  does  not  include  the  effect  of  fillet  radii  either,  this  allows  for  a  level 
comparison.  Estimates  of  maximum  stress  in  these  structures,  however,  will  not  be  accurate. 


(a)  (c) 


Figure  4.2:  An  ANSYS™  finite-element  model  of  the  full  active  valve  without  fillet  radius 
features  on  the  valve  membrane  and  drive  element  tether  structures  :  (a)  entire  device,  (b) 
close-up  view  of  valve  cap  and  membrane,  and  (c)  close-up  view  of  drive  element  tethers. 


The  second  model,  illustrated  in  Figure  4.3,  also  used  8-node  axisymmetric  plane  elements 
and  the  same  material  definitions.  However,  this  model  does  include  adjustable  size  fillet 
radius  features  on  the  valve  membrane  and  the  drive  element  tether  structures.  Figures  4.3(b) 
and  4.3(c)  show  close-ups  of  these  regions.  This  enables  a  determination  of  the  degree  of 
stiffening  that  the  fillets  add  to  the  structures  and  also  allows  for  accurate  estimation  of  stress 
concentrations  in  the  structures.  Both  finite-element  models  have  gone  through  a  convergence 
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Figure  4.3:  ANSYS  finite-element  model  of  full  active  valve  with  fillet  radius  features  included: 
(a)  entire  device,  (b)  close-up  view  of  valve  cap  and  membrane,  and  (c)  close-up  view  of  drive 
element  tethers. 


study  to  ensure  that  the  element  mesh  densities  are  fine  enough  to  produce  reliable  results. 


4.2,3  Model  Correlation  Procedure 

The  procedure  for  comparing  the  analytical  quasi-static  active  valve  model  to  the  finite-element 
models  is  documented  below.  The  procedure  involves  a  systematic  study  of  the  correlation 
between  these  models  for  varying  boundary  condition  and  fillet  radius  assumptions. 


1.  To  determine  the  modeling  accuracy  of  the  piezoelectric  material,  valve  membrane,  drive 
element  tethers,  and  hydraulic  fluid  in  the  analytical  model,  all  other  structural  com¬ 
ponents  (valve  cap,  drive  piston,  top  plate,  and  bottom  plate)  in  the  model  are  made 
rigid  (le:  3^  =  3^.s  =  ^vpis  =  ^zpi,  =  -dvpis  =  s ztop  =  “ ztop  =  °)-  Behavior  of 
the  analytical  valve  is  compared  to  the  finite-element  model  (without  fillets)  with  iden¬ 
tical  conditions  on  the  component  stiffnesses.  Figure  4.4(a)  illustrates  the  FEM  model. 
Infinitely  stiff  regions  are  shaded  dark. 


2.  To  determine  the  modeling  accuracy  of  the  drive  piston,  top  structural  plate,  and  bottom 
structural  plate,  the  analytical  model  is  run  with  all  compliances  in  their  normal  state. 
Behavior  of  the  analytical  model  is  compared  to  the  finite-element  model  (without  fillets) 
with  infinitely  stiff  regions  as  shown  in  Figure  4.4(b).  This  comparison  will  validate  the 
accuracy  of  the  full  analytical  model  with  all  compliances  included. 


3.  To  evaluate  the  effect  of  the  fillet  radius  features  and  additional  sidewall  material  on  the 
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valve  behavior,  the  finite-element  model  (with  fillet  radius  =  25  pm)  with  no  regions  of 
infinite  stiffness  is  run,  as  illustrated  in  Figure  4.4(c).  The  boundary  condition  in  this 
model  is  at  the  outer  radius  of  the  entire  structure  rather  than  at  the  outer  radius  of 
the  hydraulic  amplification  chamber.  This  is  a  more  realistic  model  of  a  fabricated  valve 
device.  Comparison  is  made  to  the  full  analytical  model  with  all  compliances  in  their 
normal  state. 


Figure  4.4:  ANSYS™  finite-element  comparison  stages:  (a)  Top  plate,  bottom  plate,  piston, 
valve  cap,  and  side  structures  are  rigid,  (b)  Only  valve  cap  and  side  structures  axe  rigid,  and 
(c)  No  structures  rigid. 


To  cover  the  design  space  for  the  active  valve  geometry  under  consideration,  the  following 
three  loading  scenarios  are  applied: 

1.  Yp=1000  V,  Pi=0,  P2  =  0 

2.  Vp=0,  Pj=l  MPa,  P2  =  1  MPa 

3.  Vp= 500  V,  Pi =0.5  MPa,  P2  =  0. 

These  loading  scenarios  are  chosen  to  capture  the  valve  behavior  throughout  a  complete 
cycle  of  deflection.  The  first  loading  scenario  produces  a  large  positive  valve  cap  deflection,  the 
second  loading  scenario  produces  a  large  negative  valve  cap  deflection,  and  the  third  scenario 
produces  a  small  positive  valve  cap  deflection.  The  comparison  procedure  detailed  above  is 
carried  out  for  each  of  the  loading  scenarios  to  evaluate  the  accuracy  of  the  analytical  quasi- 
static  active  valve  model. 

4.2.4  Valve  Geometry 

The  active  valve  geometry  used  in  this  comparison  study  is  detailed  in  the  following  table. 
These  dimensions  are  chosen  to  represent  a  typical  active  valve  device. 

Geometric  Dimensions: 
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Component 

Parameters 

Valve  Cap 

Rvc  =  310  fim  Rvm  =  800/xm  tvm  =  IO/jtti  tvc  =  400 /2m 

Top/Bottom  Plate 

tiop  =  1000/2771  tbot  =  1000/2971 

HAC  Chamber 

Rte  =  3.225771771  HhAC  =  400/2771 

Piston/Tethers 

R/pis  —  3771771  tpis  —  800/2771  t tetop  —  10/2772  t tebot  ”  10/2771 

Piezo 

Lp  =  1771771  Rp  =  1mm 

Material  Properties: 


Material 

Properties 

Silicon 

ESi  =  165  GPa  vSi  =  0.22  aSi  =  1.25 

Pyrex 

Ppyrex  =:  48(7 Pci  Vpyrex  ~  0.20 

Piezo 

d33  =  2000^  Epiezo  =  9MGPa 

Fluid 

K fluid  =  2.0GPa 

The  critical  valve  parameters  chosen  to  serve  as  comparisons  between  the  two  models  are 
the  valve  cap  deflection  Zvc ,  the  top  plate  structure  deflection  Ztop,  the  hydraulic  amplification 
chamber  pressure  Phac ,  the  drive  piston  center  deflection  Zp(s,  the  top  tether  deflection  Zte, 
and  the  bottom  plate  structure  center  deflection  Z f,ot.  These  parameters  are  reviewed  in  Figure 
4.5.  In  addition,  for  the  finite-element  model  with  fillet  radius  features,  the  maximum  membrane 
stress  in  the  model  is  also  monitored. 


Figure  4.5:  Variables  monitored  in  analytic  and  FEM  models. 


4.2.5  Model  Correlation 

Finite-Element  Model  (without  fR),  Rigid  Compliances 

In  comparing  the  analytical  model  to  the  finite-element  model  without  fillet  radius  features  for 
the  case  where  the  drive  piston,  the  top  structural  compliance,  the  bottom  structural  compli¬ 
ance,  and  the  valve  cap  are  all  designated  to  be  rigid,  the  results  correlate  extremely  well.  Table 
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4.1  shown  below  compares  these  results  for  the  three  loading  scenarios.  For  each  of  the  three 
loading  scenarios,  the  valve  cap  deflection  correlates  within  0.4%.  All  of  the  other  parameters 
also  correlate  very  well,  within  1%.  This  correlation  proves  that  the  valve  membrane  non-linear 
relations,  the  drive  element  tether  relations,  the  fluid  compliance,  and  the  piezoelectric  material 
behavior  are  all  modeled  very  accurately  in  the  non-linear  quasi-static  analytical  active  valve 
model. 

TABLE  4.1:  Model  Correlation  (without  fR),  Rigid  Compliances 


Loading 

Model 

|  Variables  to  Monitor 

Zvc 

W 

zie 

(/im) 

Zu 

(H 

Ztop 

(fim) 

Zbot 

(fim) 

Phac 

(kPa) 

<^mai 

(GPa) 

Scenario  1 

Vp  =  1000V 

Pi  =  0,  P2  =  0 

0 

0 

BUH 

1.45 

EH 

MEM 

0 

0 

n/a 

IH 

1 

mm 

1 

SI 

IB 

. 

EE3 

IEO 

lEHSI 

■ 

n/a 

n 

Scenario  2 

Vp  =  0V 

Pi  =  i MPa,  P2  =  1  MPa 

>0.597 

■ 

0 

0.96 

FEM 

“20.858 

-0.591 

-0.591 

■ 

n/a 

|  %  Dif 

J 

0.4% 

1.0% 

1.0% 

mi 

mi 

0.9  % 

n/a 

Scenario  3 

Vp  =  500V 

Pi  =  0.5 MPa,  P2  =  0 

Analytic 

14.207 

0.612 

0.612 

0 

0 

349 

0.66 

FEM 

14.175 

0.614 

HE9 

0 

0 

KH3I 

n/a 

|  %  Dif 

II 

|K3| 

1 

0.3  % 

|| 

! 

m 

|B 

|| 

n/a 

r 

Finite-Element  Model  (without  fR),  Normal  Compliances 

In  comparing  the  analytical  model  to  the  finite-element  model  without  fillet  radius  features 
for  the  case  where  the  drive  piston,  the  top  structural  compliance,  and  the  bottom  structural 
compliance  are  returned  to  their  normal  values,  the  results  correlate  fairly  well.  The  valve  cap 
deflection  for  the  first  loading  scenario  correlates  within  3.7%,  for  the  second  loading  scenario 
within  0.4%,  and  for  the  third  loading  scenario  within  7.5%.  This  larger  value  of  7.5%  is  not 
that  bad  since  the  valve  cap  deflection  is  relatively  small.  As  loading  is  applied  that  forces 
the  valve  cap  near  zero  deflection,  one  would  expect  the  %  error  to  increase  even  though  the 
absolute  difference  between  the  model  deflections  is  much  smaller  than  l^m. 

TABLE  4.2:  Model  Correlation  (without  fR),  Normal  Compliances 


In  looking  at  the  other  monitored  variables,  one  notices  that  they  all  correlate  within  7.5%, 
except  for  Ztop  in  Loading  Scenario  1.  Again,  though,  this  deflection  is  extremely  small,  and 
therefore  such  a  significant  error  has  negligible  effect  on  the  rest  of  the  system  performance. 
In  fact,  from  Loading  Scenario  1,  the  following  swept  volumes  are  obtained  from  the  analytical 
model:  dVpis  =  4.03e-12m3,  dVte  =  2.38 e”11™3,  dVtop  =  1.11  e”12™3,  dVfluid  =  -3.32e~12m3, 
and  dVvm  =  2.34e~nm3.  Prom  these,  it  is  calculated  that  the  volume  of  fluid  lost  in  the 
top  structural  plate  compliance  is  approximately  4%  of  the  swept  volume  of  piston  and  tether 
together  (the  actuation  swept  volume).  Overall,  this  4%  loss  is  important,  but  20.5%  of  this 
4%  is  not.  In  conclusion,  the  analytical  valve  model  predicts  the  valve  cap  deflection  very  well. 

Finite-Element  Model  (with  fR),  Normal  Compliances 

In  order  to  evaluate  the  accuracy  of  the  analytical  valve  model  with  respect  to  a  finite-element 
model  that  is  more  characteristic  of  the  real  device,  no  rigidities  are  assumed  in  the  finite- 
element  model  and  fillet  radius  features  are  taken  into  consideration.  The  finite-element  results 
for  Loading  Scenario  1  are  illustrated  graphically  in  Figure  4.6. 

A  major  realistic  effect  that  is  considered  in  this  model  is  the  presence  of  the  rigid  boundary 
condition  at  the  outer  radius  of  the  device  rather  than  at  i?te.  This  condition  serves  to  soften 
the  top  and  bottom  plate  compliances.  From  Table  4.3  below,  it  is  clear  that  in  all  three  loading 
scenarios,  Ztop  and  Z^t  show  very  large  correlation  errors  near  50%.  This  is  a  result  of  this 
softening.  It  is  interesting,  however,  that  even  with  these  large  deviations  in  Ztop  and  Ztou 
the  overall  valve  cap  deflection  correlation  is  excellent  (less  than  4%  for  all  loading  scenarios). 
The  principal  reason  for  this,  again,  that  the  absolute  swept  volumes  associated  with  these 
deflections  are  not  very  large. 

TABLE  4.3:  Model  Correlation  (with  fR),  Rigid  Compliances 


Another  reason,  though,  has  to  do  with  the  behavior  of  the  valve  cap  membrane.  Thinking 
about  the  valve  cap  and  membrane  structure,  because  the  valve  cap  is  no  longer  rigid,  the  local 
behavior  at  the  interface  between  the  membrane  and  the  cap  may  result  in  a  softer  structure. 
This  appears  to  be  the  case  since  a  3.7%  less  Phac  pressure  deflects  the  valve  cap  1.0%  more 
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in  the  realistic  finite-element  model  than  in  the  analytical  model.  A  counter-effect  which  most 
likely  helps  to  minimize  this  softening  of  the  valve  cap  and  membrane  is  the  presence  of  the 
fillet  radii.  Each  fillet  radius  provides  significantly  more  material  at  this  interface  and  hence 
stiffens  the  structure. 

To  conclude  this  section  on  the  analytical  quasi-static  active  valve  model,  the  comparisons 
between  the  analytical  model  and  finite-element  models  have  proven  that  the  analytical  model 
very  accurately  predicts  the  quasi-static  active  valve  behavior  of  finite-element  models  with 
boundary  conditions  similar  to  those  expected  in  fabricated  devices.  These  quasi-static  mod¬ 
eling  techniques  will  now  serve  as  the  basis  for  dynamic  models  which  will  be  able  to  capture 
higher-order  dynamic  effects  within  the  active  valve  structure. 


4.3  Finite- Element  Resonant  Behavior 

To  gain  a  rough  idea  of  the  frequency  capabilities  of  this  valve  structure,  a  2-D  finite-element 
model  without  fillet  radius  features  was  evaluated  using  modal  analyses  in  ANSYS™.  By 
definition,  modal  analyses  are  only  valid  for  purely  linear  systems.  Consequently,  the  resulting 
resonant  frequencies  are  good  predictions  of  active  valve  behavior  only  if  the  valve  is  operated 
such  that  valve  cap  and  membrane  deflections  are  within  the  small-deflection  regime  (ie:  small 
applied  voltage  to  the  piezoelectric  material).  This  model  incorporates  four-node  plane  elements 
for  the  silicon  and  glass  structural  parts  of  the  valve  and  4-node  acoustic  fluid  elements  for  the 
liquid  contained  within  the  hydraulic  amplification  chamber.  These  acoustic  elements  enable 
fluid-structure  interaction  between  the  fluid  and  the  surrounding  structure  of  the  HAC  chamber. 
For  the  active  valve  geometry  used  in  this  chapter,  the  modal  analysis  results  indicate  a  first 
modal  frequency  at  f\  =  25 .6kHz  and  a  second  modal  frequency  at  =  102.7 kHz,  as  shown 
in  Figure  4.7. 

Since,  during  real  valve  operation,  the  valve  cap  and  membrane  structure  are  required 
to  experience  deflections  well  into  the  non-linear  regime,  this  first  modal  frequency  can  be 
taken  as  a  lower  limit  to  the  actual  resonant  excitation.  As  a  note  to  the  reader,  the  active 
valve  geometry  considered  in  this  chapter  is  slightly  different  from  the  valve  devices  built  and 
tested  in  later  parts  of  this  thesis.  The  valve  membrane  is  slightly  thicker  ( tvm  =  lOfim)  than 
in  the  experimental  devices  ( tvm  =  6 fj,m)  and  the  HAC  chamber  is  slightly  reduced  in  size 
( Rte  =  3.225mm)  than  in  the  experimental  devices  ( Rte  =  3.613mm),  differences  which  serve 
to  make  the  experimental  devices  softer  than  the  geometry  evaluated  in  this  chapter.  As  a 
result,  a  slightly  reduced  modal  frequency  can  be  expected  in  the  experimental  valve  device,  as 
detailed  in  Chapter  9.  The  modal  finite-element  models  used  through  this  thesis,  however,  are 
identical  to  the  one  presented  in  this  chapter. 
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1  st  Modal  Frequency  =  25.6  kHz  2nd  Modal  Frequency  =  1 02.7  kHz 


(a)  (b) 


Figure  4.7:  ANSYS™  FEM  mode  shapes:  (a)  1st  modal  frequency  =  25.601  kHz,  (b)  2nd 
modal  frequency  =  102.67  kHz. 


4.4  Dynamic  Active  Valve  Simulation 

To  properly  capture  the  non-linear  effects  of  the  valve  membrane  deformation  at  high  frequency, 
and  to  include  important  dynamic  effects,  such  as  the  drive  element  piston  inertia  and  the  valve 
cap  inertia  and  damping,  a  Simulink™  simulation  architecture  is  presented  in  this  section. 
The  structural  compliances  within  the  active  valve  simulation  are  based  exactly  upon  the  linear 
and  non-linear  modeling  tools  presented  in  Chapters  2  and  3  of  this  thesis.  The  simulation 
architecture  can  be  broken  down  into  four  major  subsystems,  as  illustrated  in  Figure  4.8:  a 
matrix  of  linear  coefficients  describing  the  bulk  of  the  active  valve  behavior,  a  series  of  non¬ 
linear  look-up  tables  that  captures  the  large-deflection  valve  membrane  deformation  and  stress, 
a  valve  cap  dynamics  block,  and  a  drive  piston  dynamics  block. 

4.4.1  Linear  Matrix  Relations 

As  discussed  in  Chapter  2,  all  of  the  structural  elements  except  the  valve  membrane  operate 
in  linear  deformation  regimes.  Within  the  simulation,  therefore,  a  matrix  of  compliance  and 
parameter  coefficients  are  included  for  these  linear  relations: 


T„ 

4l,l  Ait2  Ai73  Ai}4  Aij 

Zu 

Fu 

^2,1  -^2,2  -^2,3  -^2,4  -^2,5 

Fvc 

Phac 

= 

^3,1  ^3,2  ^3,3  -^3,4  ^3,5 

dVvm 

%top 

^4,1  -<44,2  A\t2  A\t4  j44  5 

Phpr 

Charge 

.  A$ti  A$  2  Ast3  -45,4  ^5  5 

.  . 

Inputs  to  this  matrix  are  the  Zp  and  Zvc  variables  fed  back  from  the  piston  and  valve  cap 
dynamic  blocks  respectively,  dVvm  fed  back  from  the  non-linear  valve  membrane  look-up  table, 
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Figure  4.8:  Complete  Simulink™  active  valve  system  architecture,  showing  linear  equation 
matrix,  non-linear  look-up  tables,  valve  cap  dynamics  block,  and  drive  element  piston  dynamics 
block.  Architecture  shown  is  for  the  inlet  valve  of  a  typical  MHT  system. 

and  the  active  valve  loadings  Vp  and  Phpr •  Outputs  of  this  matrix  are  Tp,  F*e,  Phac >  and  %top- 
These  outputs  are  fed  to  the  other  subsystems  within  the  active  valve  model.  These  matrix 
coefficients  are  generated  in  an  external  Maple"™  code,  similar  to  that  described  in  Section 
4.1,  and  read  into  the  Simulink™  model. 

4.4.2  Non-Linear  Look-Up  Tables 

As  detailed  in  Chapter  3,  numerical  modeling  tools  have  been  developed  to  calculate  the  non¬ 
linear  large  deflection  behavior  of  the  valve  membrane.  One  possibility  for  capturing  the  non¬ 
linear  behavior  in  the  Simulink  simulation  would  be  to  call  the  numerical  code  at  each  and  every 
time  step  during  a  simulation  run.  However,  the  required  computation  for  the  simulation  using 
this  procedure  is  quite  intensive.  As  a  result,  a  method  is  implemented  by  which  the  numerical 
code  is  used  to  generate  look-up  tables  for  important  non-linear  behavioral  variables,  as  shown 
in  Figure  4.9.  Taking  as  inputs  the  valve  cap  displacement  Zvc  and  the  net  pressure  across 
the  valve  membrane  Pvm  —  Phac  ~  Phpr ,  a  lookup  table  is  employed  for  each  of  the  output 
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variables  Fvc,  dVvm,  and  ovm.  The  size  of  the  look-up  tables  is  governed  by  the  number  of 
calculation  points  between  the  upper  and  lower  limits  of  the  inputs  Zvc  and  Pvm.  For  example, 
the  look-up  tables  used  in  the  simulations  in  this  section  take  as  inputs  a  Zvc  vector  100  elements 
in  length,  covering  a  range  from  Zvc  =  -50pm  to  Zvc  =  +50pm,  and  a  Pvm  vector  100  elements 
in  length,  covering  a  range  from  Pvm  =  -1.5 MPa  to  Pvm  =  +1.5 MPa.  Convergence  studies 
were  performed  to  validate  that  these  vector  resolutions  were  fine  enough  for  accurate  results. 
The  Matlabr'w  file,  NLValveCapMembrane-CaseC.m,  detailed  at  the  conclusion  of  Chapter  3 
and  included  in  Appendix  B.3,  is  used  to  create  these  look-up  tables. 


Fvc 


Look-Up  Tables: 


Table  Fvc  - 

Given:  Zvc,  Pvm 

Interpolate:  Fvc 

Table  dVvm - 

Given:  Zvc,  Pvm 

Interpolate:  dVvm 

Table  cmax  - 

Given:  Zvc,  Pvm 

Interpolate:  crmw 

Figure  4.9:  Numerical  modeling  tools  are  used  to  generate  look-up  tables  for  the  non-linear  large 
deflection  behavior  of  the  valve  cap  and  membrane.  Given  a  prescribed  valve  cap  displacement 
Zvc  and  pressure  loading  across  the  membrane  Pvm ,  a  look-up  table  for  each  of  Fvc,  dVvm,  and 
avm  is  created. 


4.4.3  Piston  and  Valve  Cap  Dynamics 

The  dynamic  behavior  of  the  drive  piston  structure  is  governed  by  the  following  relation: 

MpisZpiS  4-  CpiSZpiS  =  ApTp  —  ApiSPtfAc  ~  Fte  (4*5) 

The  damping  coefficient  CPiS  is  a  lumped  parameter  that  is  meant  to  include  the  effects  of 
structural  damping  in  the  tethers  and  damping  due  to  fluid  interaction.  Figure  4.10  displays 
a  schematic  of  the  valve  cap  mass  and  the  corresponding  Simulink  block  architecture  included 
within  the  full  active  valve  simulation. 

In  a  similar  fashion,  the  dynamic  behavior  of  the  valve  cap  is  represented  by  the  following 
relation: 


MVc  Zvc  4-  CvcZvc  —  Avc(Phac  —  P\)  —  Fvc  (4-6) 

The  damping  coefficient  Cvc  is  a  lumped  parameter  that  includes  the  effects  of  structural 
damping  in  the  membrane,  squeeze  film  damping  due  to  the  valve  cap  motion  when  closing 
the  valve,  and  damping  due  to  fluid-structure  interaction.  Figure  4.11  displays  a  schematic  of 
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the  valve  cap  mass  and  the  corresponding  Simulink  block  architecture  included  within  the  full 
active  valve  simulation. 


Phac 


(b) 


Figure  4.10:  Piston  Dynamics:  (a)  free-body  diagram  of  piston  structure,  and  (b)  Simulink 
block  architecture. 


(a)  (b) 


Figure  4.11:  Valve  cap  dynamics:  (a)  free-body  diagram  of  valve  cap  structure,  and  (b)  Simulink 
block  architecture. 

Exact  values  of  Cpis  and  Cvc  are  difficult  to  estimate  accurately.  Values  are  therefore  chosen 
that  result  in  dynamic  responses  that  are  relatively  free  of  high-order  oscillations  (see  results  in 
Figure  5.24),  yet  still  exhibit  inertia  and  phase  lag  effects.  Estimates  for  the  damping  ratios  of 
the  piston  and  valve  cap  (Cpis  and  £vc)  are  calculated  from  these  Cpis  and  Cvc  values  by  observing 
the  resonant  frequency  u)n  of  each  component  in  small  deflection  linear  regimes,  according  to 
the  relations  and  (vc  =  respectively. 

The  Simulink  block  which  captures  this  valve  cap  dynamic  behavior  also  includes  the  effect 
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of  the  valve  cap  as  it  comes  into  contact  with  valve  stops,  either  above  and/or  below  the  valve 
cap.  This  hitting  behavior  is  modeled  as  an  inelastic  collision  between  the  cap  and  the  stop. 
The  assumption  here  is  that  if  the  cap  impacts  the  stop  with  a  velocity  Vi,  it  will  bounce 
back  with  a  lesser  velocity  V2,  according  to  the  relation  V2  =  y/rVu  where  r  <  1  is  called 
the  coefficient  of  restitution.  The  above  formulation  for  the  hitting  can  be  implemented  in 
Simulink  by  setting  V2  as  the  initial  condition  for  the  valve  velocity  at  the  subsequent  time 
step  immediately  following  impact.  For  further  details  on  active  valve  and  full  MHT  system 
simulation  results,  see  Yaglioglu’s  MIT  Master’s  thesis  [8]. 

4.5  Conclusions 

This  chapter  has  presented  a  complete  quasi-static  analytical  active  valve  model  and  a  full 
dynamic  active  valve  simulation  architecture  for  use  in  predicting  structural  behavior  of  a  given 
active  valve  geometry  to  a  variety  of  loading  conditions.  Both  models  integrate  the  linear 
and  non-linear  toob  presented  in  Chapters  2  and  3,  respectively.  Overall,  the  quasi-static 
analytical  active  valve  model  correlates  very  well  with  representative  finite-element  modeb, 
thereby  justifying  many  of  the  boundary  condition  assumptions  in  the  analytical  model.  The 
dynamic  simulation  architecture  enables  further  investigation  of  higher-order  dynamic  effects 
in  the  drive  element  piston  and  valve  cap  structures. 
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Chapter  5 


Active  Valve  Design  Procedure 


So  far,  this  thesis  has  presented  detailed  linear  and  non-linear  structural  modeling  tools  that  can 
be  used  to  predict  the  performance  of  a  given  active  valve  geometry,  in  response  to  an  applied 
voltage  on  the  piezoelectric  material  elements  and  against  known  external  pressure  loadings  on 
the  valve  cap  and  membrane  structure.  Although  it  is  quite  important  to  be  able  to  predict  the 
performance  of  a  predetermined  active  valve  geometry,  it  is  also  critical  to  be  able  to  design  a 
structural  geometry  that  can  meet  the  specifications  of  and  therefore  be  used  within  a  complete 
MHT  system.  In  order  to  accomplish  this,  relations  governing  the  fluid  flow  behavior  through 
the  MHT  system  and  the  interaction  of  the  valve  structure  with  this  external  hydraulic  system 
must  be  developed.  The  goals  of  this  chapter,  therefore,  are  (1)  to  present  modeling  tools 
that  capture  the  interaction  between  the  valve  structure  and  the  external  hydraulic  system, 

(2)  to  develop  a  systematic  design  procedure  that  can  be  used  to  formulate  of  an  active  valve 
geometry  which  will  satisfy  the  pressure-flow  requirements  set  by  an  overall  MHT  system,  and 

(3)  to  present  higher-order  design  benefits  of  incorporating  multiple  valve  cap  and  membrane 
structures  within  the  active  valve  so  as  to  minimize  power  consumption  of  the  valve. 

Section  5.1  revisits  a  generic  MHT  system  and  discusses  the  performance  requirements  that 
this  system  demands  from  its  active  valves.  Section  5.2  presents  the  tools  for  modeling  the 
pressure-flow  relationships  in  the  hydraulic  system  external  to  the  active  valve  and  develops  a 
related  simulation  tool  for  use  in  the  the  subsequent  design  procedure.  Section  5.3  details  the 
systematic  procedure  used  to  design  a  single  valve  cap  and  membrane  active  valve  geometry. 
This  procedure  demonstrates  the  fundamental  steps  involved  in  the  design  of  the  active  valve, 
but  does  not  include  design  options  for  multiple  valve  heads.  Section  5.4  highlights  some 
important  issues  associated  with  free  design  variables  within  the  procedure.  Section  5.5  presents 
the  theory  behind  valve  power  consumption  and  the  benefit  of  incorporating  multiple  valve  caps 
and  membranes  within  the  active  valve  structure.  Section  5.6  presents  results  of  the  updated 
systematic  design  procedure,  which  allows  for  inclusion  of  multiple  valve  caps  and  membranes 
in  the  design  process.  Finally,  Section  5.7  validates  the  capability  of  the  quasi-static  design 
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procedure  by  comparing  the  performance  of  a  generated  active  valve  geometry  to  that  of  a  full 
dynamic  simulation. 


5.1  Valve  Requirements  in  Generic  MHT  System 

A  schematic  of  an  MHT  power  harvesting  device  is  shown  in  Figure  5.1.  Out  of  phase  operation 
of  two  active  valves  results  in  a  pulsing  flow  of  fluid  from  a  high  pressure  reservoir  ( Phpr )  to  a 
low  pressure  reservoir  (Plpr)  through  a  central  piezoelectric  harvesting  chamber  [1],  With  each 
cycle  of  device  operation,  the  increasing  and  decreasing  fluid  pressure  Pehc  in  the  harvesting 
chamber  (as  the  chamber  fills  and  evacuates)  results  in  a  stressing  of  the  piezoelectric  material 
element(s)  and  a  subsequent  generation  of  charge.  For  a  given  harvesting  chamber  geometry, 
the  system  operational  frequency  fSyS  and  peak-peak  pressure  Pehc  fluctuation  in  the  chamber 
directly  determine  the  achievable  power  generation  levels.  The  required  cyclic  flow  rates  into 
and  out  of  the  chamber,  <?<„  and  Qouu  are  functions  of  this  pressure  fluctuation  and  the  struc¬ 
tural  chamber  volumetric  stiffness.  Therefore,  assuming  that  a  harvesting  chamber  structural 
geometry  is  known,  and  that  Ssys ,  Phpr-:  Plpr-i  and  a  desired  Pehc  pressure  fluctuation  are 
also  required,  then  an  inlet  and  outlet  active  valve  can  be  designed  to  permit  this  overall  MHT 
system  performance. 


Piezoelectric  Elements 


Figure  5.1:  Schematic  of  an  MHT  power  harvesting  device.  Two  active  valves  regulate  flow  at 
high  frequency  from  a  high  pressure  Phpr  to  a  low  pressure  Plpr-  Cyclic  pressure  change  in 
the  harvesting  chamber  Pehc  creates  a  stressing  of  the  piezoelectric  material  and  a  subsequent 
generation  of  charge. 


In  the  example  MHT  power  harvesting  system  shown  in  Figure  5.1,  the  top  surface  of  the 
inlet  valve  membrane  is  in  contact  with  the  high  pressure  reservoir  and  therefore  experiences 
a  constant  Phpr-  The  valve  cap,  on  the  other  hand,  sees  a  changing  pressure  P^HC  as  the 
chamber  fills  and  evacuates.  Likewise,  the  top  surface  of  the  outlet  valve  membrane  is  in  contact 
with  the  low  pressure  reservoir  and  therefore  experiences  a  constant  Plpr  while  the  valve  cap 
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sees  a  changing  pressure  Pehc  38  ^e  chamber  fills  and  evacuates.  The  assumptions  for  the 
areas  over  which  these  system  pressures  act  is  further  detailed  in  Section  5.2.3.  The  amounts 
by  which  Pehc  an<^  Pehc  differ  fr°m  Pehc  31X6  functions  of  the  fluid  inertial  effects  in  the 
inlet  and  outlet  flow  channels  (see  Section  5.2.2).  With  the  ability  to  model  these  pressure-flow 
relations  through  the  MHT  system,  a  design  procedure  can  be  developed  and  implemented  to 
design  the  active  valve  geometries  for  the  system. 

The  systematic  active  valve  design  procedure  that  is  developed  in  this  chapter  is  based 
on  quasi-static  valve  structural  behavior.  In  other  words,  dynamic  effects  within  the  active 
valve  such  as  those  associated  with  the  valve  cap  mass,  the  drive  element  piston  mass,  and  any 
damping  effects  are  not  included.  In  this  way,  the  basic  process  of  the  design  procedure  can  be 
well  understood  and  estimates  for  valve  geometries  to  satisfy  the  MHT  system  requirements  can 
be  generated.  Once  an  active  valve  geometry  is  designed  in  this  way,  full  dynamic  simulations 
of  the  structure  can  be  run  in  order  to  evaluate  the  goodness  of  the  quasi-static  valve  design  and 
to  enable  tweaking  of  the  valve  geometries  to  achieve  higher  performance.  Although  this  quasi¬ 
static  design  procedure  is  generic  to  both  the  MHT  actuator  and  power  harvesting  applications, 
for  purposes  of  clarity,  the  discussions  in  this  thesis  will  center  on  the  design  of  active  valves  to 
be  used  in  the  previously  described  MHT  power  harvesting  system.  Furthermore,  without  any 
loss  of  generality,  the  focus  of  this  chapter  will  be  solely  on  the  design  of  the  inlet  active  valve 
for  the  harvesting  system. 

To  regulate  flow  into  the  MHT  harvesting  chamber  so  as  to  meet  the  overall  system  require¬ 
ments,  the  inlet  valve  membrane  and  cap  structure  must  be  sized  properly  to  ensure  adequate 
stroke  of  the  valve  cap  and  to  allow  sufficient  fluid  flow  through  the  orifice  to  fill  the  chamber 
in  the  alloted  time.  In  addition,  under  these  external  pressure  loadings,  stresses  within  the 
valve  cap  and  membrane  structure  must  be  kept  below  the  fracture  strength  of  the  membrane 
material.  The  piezoelectric  drive  portion  of  the  valve  must  be  designed  so  as  to  minimize  the 
overall  volume  of  the  device,  yet  still  provide  adequate  actuation  for  pressurizing  and  produc¬ 
ing  volume  change  to  the  hydraulic  amplification  chamber.  Further  design  issues,  such  as  valve 
power  consumption  and  the  incorporation  of  multiple  valve  heads  within  a  single  active  valve 
structure,  will  be  covered  in  detail  in  this  chapter. 


5.2  Modeling  of  External  Hydraulic  System 

Before  presenting  the  quasi-static  active  valve  design  procedure,  the  modeling  of  the  fluid-flow 
relations  in  the  MHT  system  external  to  the  active  valve  structure  must  be  discussed.  The 
inlet  active  valve  within  the  example  MHT  power  harvesting  device  regulates  flow  from  the 
high  pressure  reservoir  to  the  harvesting  chamber.  As  fluid  passes  over  the  valve  membrane 
and  cap,  it  exerts  pressures  on  these  structures.  These  pressures  and  flow  rates  are  a  function 
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of  the  opening  and  closing  action  of  the  valve  cap  against  its  stop,  the  geometry  of  the  fluid 
channel  that  carries  fluid  from  the  valve  to  the  chamber,  and  the  effective  hydraulic  stiffness 
of  the  harvesting  chamber  being  filled.  This  section  details  the  techniques  used  to  model  the 
pressure-flow  relations  for  each  of  these  system  features.  In  the  following  discussions,  it  is 
assumed  that  that  inlet  and  outlet  valves  operate  each  with  a  50%  duty  cycle,  ie:  the  inlet 
valve  is  open  exactly  for  the  first  half  of  the  MHT  system  period  Tays  =  while  the  outlet 
valve  is  open  for  exactly  the  second  half  of  the  system  period. 


5.2.1  MHT  Chamber  Stiffness 


During  the  first  half  of  a  complete  device  cycle,  the  inlet  valve  is  open  and  the  outlet  valve  is 
closed.  As  fluid  passes  through  the  valve  into  the  harvesting  chamber,  the  chamber  pressure 
increases.  The  relationship  between  the  amount  of  fluid  entering  the  chamber  and  the  pressure 
rise  within  the  chamber  is  determined  by  the  effective  hydraulic  chamber  stiffness,  KEhc- 
Figure  5.2(a)  shows  a  simplified  schematic  of  this  filling  process. 
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Figure  5.2:  Filling  and  evacuation  models  for  an  MHT  system:  (a)  During  inlet  valve  opening 
and  closing,  fluid  fills  the  harvesting  chamber,  (b)  During  outlet  valve  opening  and  closing,  fluid 
evacuates  the  harvesting  chamber.  The  associated  chamber  pressure  time  history  PEHc(t)  dur¬ 
ing  filling  and  evacuation  is  a  function  of  the  amount  of  fluid  entering/evacuating  the  chamber 
and  the  chamber  volumetric  stiffness  KEEc- 


KEhc  is  a  function  of  the  chamber  geometry,  material  properties,  and  fluid  initial  volume. 
A  large  KEHC  means  that  a  small  amount  of  fluid  dVEHC  =  /  Qin{t)dt  flowing  into  the  chamber 
will  result  in  a  large  increase  in  chamber  pressure  PEhc,  whereas  a  small  K e lie  means  that 
even  a  large  amount  of  fluid  flow  into  the  chamber  will  result  in  only  a  small  chamber  pressure 
increase.  The  chamber  pressure  increase  as  a  function  of  time  can  be  written  as 

— =  KEHcQin(t).  (5.1) 

A  similar  model  can  be  used  to  evaluate  the  evacuation  of  fluid  through  the  outlet  valve, 
resulting  in  a  chamber  pressure  decrease  as  fluid  flows  to  a  low  pressure  Plpr  (see  Figure 
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5.2(b)).  For  the  purposes  of  this  thesis,  however,  only  the  inlet  valve  and  corresponding  filling 
of  the  harvesting  chamber  are  considered. 

5.2J2  Valve  Channel  Inertial  Effects 

Fluid  inertial  effects  within  the  flow  channel  connecting  the  valve  to  the  harvesting  chamber 
can  play  a  significant  role  in  determining  the  difference  between  PehcW)  an(^  PEHc(t)  during 
device  operation.  This  pressure-flow  relation  can  be  written  as 

PehcW)  ~~  Pehc{$)  =  Q*n  (5*2) 

where  p  is  the  fluid  density,  Lc  is  the  channel  length,  and  Ac  is  the  channel  area.  For  a  long 
channel  with  small  cross-section  area,  one  can  expect  fluid  inertial  effects  to  play  a  significant 
role  as  the  pressure  P%hc  builds  UP  to  accelerate  the  fluid  slug  into  the  chamber.  Conversely, 
for  short  channels  with  large  areas,  the  inertial  effects  are  negligible  and  the  pressure  Pehc^) 
and  PEHc(t)  will  not  differ  at  all.  It  is  important  to  be  aware  of  these  inertial  effects  when 
designing  and  modeling  any  sort  of  hydraulic  system  that  contains  small  channels. 

5.2.3  Valve  Orifice  Flow  Relations 

Work  by  previous  researchers  [3]  [4]  [5]  has  shown  that  for  small  openings,  poppet  valves  (such 
as  the  valve  cap  in  this  proposed  active  valve  device)  behave  as  long  orifices  in  which  the  effects 
of  flow  separation  and  subsequent  reattachment  dominate  the  valve  flow  dynamics. 
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Figure  5.3:  Valve  orifice  representation:  (a)  valve  cap  geometry  and  fluid  flow  areas,  (b)  repre¬ 
sentation  of  flow  through  valve  as  a  flow  contraction  followed  by  a  flow  expansion. 


Qualitatively,  the  valve  flow  can  be  approximated  by  a  simplified  order-of-magnitude  valve 
model.  The  valve  orifice  may  be  characterized  as  a  flow  contraction  followed  by  a  flow  expansion 
as  shown  in  Figure  5.3(a)  and  (b).  An  integral  analysis  gives  a  relationship  for  the  combined 
effect  of  the  flow  expansion  and  contraction.  The  loss  coefficient  (orifice  ls  defined  as  the  total 
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pressure  drop  A P  =  Phpr  -  Prhc  over  dynamic  pressure  based  on  the  orifice  local  mean 
velocity  (ti  =  ^-) 


(orifice  —  7  T7 


(5.3) 


where  the  upstream  flow  area  can  be  approximated  as  A2  =  2nRvCHup,tream,  the  throat  area 
can  be  approximated  by  Aq  =  2irRvcZttroke,  and  the  downstream  flow  area  can  be  approximated 
a sAx  —  7r RPC.  Hupstream  is  the  height  of  the  radial  flow  channel  above  the  valve  membrane  to 
the  cap  and  Zstroke  is  the  valve  cap  opening  distance  from  the  valve  stop  structure. 

This  approximation,  however,  is  independent  of  the  Reynolds  number  and  therefore  holds 
only  for  Re>  10,000,  where  fully  turbulent  flow  regimes  exist.  In  microfluidic  systems,  such 
as  the  MHT  power  harvesting  device,  Reynolds  numbers  are  expected  to  fluctuate  between 
approximately  10  and  20,000  as  the  valve  opens  and  closes  [2].  For  this  reason,  correction 
factors  (obtained  from  experimental  results)  need  to  be  employed  to  obtain  better  estimates 
of  the  loss  coefficients  for  these  low  turbulence  and  laminar  flow  regimes  [2],  A  loss  coefficient 
for  each  of  the  contraction  and  expansion  geometries  « contraction  and  (expansion,  respectively) 
is  used  to  approximate  the  total  loss  coefficient  through  the  valve,  as  detailed  in  the  following 
relation 


C orifice  Ccontraction{R^j  *  )  “H  ^expansionist)  ~1 — ) 

A-2  A\ 


(5.4) 


where  the  Reynolds  number  is  defined  as 


7T  Rvcv' 


(5.5) 


Figure  5.4(a)  plots  C contraction  function  of  Re  and  the  contraction  area  ratio  ^  and 

Figure  5.4(b)  plots  C expansion  a>  function  of  Re  and  the  expansion  area  ratio  4°-.  As  a  result, 
the  pressure-flow  relation  for  the  full  valve  orifice  geometry  can  be  written  as 

=  PHPR  -  PEHC  -  2 p(c>ri fice  ^^2  )  '  (5-6) 

All  subsequent  fluid  models  discussed  in  this  thesis  incorporate  these  higher-order  correction 
factors  to  obtain  an  accurate  estimation  of  the  flow  behavior.  These  flow  models  are  based 
on  steady  flow  phenomenon  and  do  not  capture  frequency  dependent  losses.  The  following 
assumptions  are  made  to  define  the  valve  cap  and  membrane  areas  over  which  the  upstream 
pressure  Phpr  and  the  downstream  pressure  P‘EHC  act.  Since  the  valve  cap  stroke  during 
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Figure  5.4:  Look-Up  Tables  for  flow  loss  contraction  and  expansion  coefficients.  For  further 
details,  see  [2]. 


p.pp 


operation  is  significantly  less  than  Hupstream ,  Rvm,  and  Rvc.  the  majority  of  pressure  drop 
through  the  valve  structures  occurs  across  the  contraction  and  expansion  at  the  valve  cap 
circumference.  As  a  result,  at  any  given  instant  of  time,  the  pressure  acting  over  the  valve 
membrane  area  can  be  approximated  as  the  reservoir  pressure  Phpr  and  the  pressure  acting 
over  the  valve  cap  area  can  be  approximated  as  P^hc ■  For  a  specific  value  of  valve  cap  opening 
at  a  given  time  during  the  cycle,  a  relationship  therefore  exists  for  the  instantaneous  fluid  flow 
through  the  valve  as  a  function  of  the  pressure  drop  across  the  valve. 

5.2.4  Chamber  Filling  Simulation  Tool 

The  previously  described  pressure-flow  relations  for  the  harvesting  chamber  stiffness,  valve 
orifice,  and  flow  channel  connecting  the  valve  and  chamber  can  be  recast  in  Simulink™  to 
create  a  simulation  tool  for  fluid  filling  of  the  harvesting  chamber.  For  known  dimensions  of  the 
valve  cap,  the  surrounding  structure  forming  the  upstream  and  downstream  flow  areas,  the  valve 
channel  dimensions,  the  harvesting  chamber  dimensions  and  material  properties,  Phpr ,  and 
the  desired  minimum  pressure  in  the  harvesting  chamber  Pehc,w. in  (the  pressure  immediately 
when  the  outlet  valve  has  closed),  and  for  an  assumed  valve  cap  opening  profile  ZVCt0pening, 
the  filling  behavior  of  the  system  through  the  inlet  valve  orifice  can  be  simulated.  Figure  5.5 
illustrates  the  high-level  Simulink™  model,  and  Figure  5.6  shows  the  fluid  orifice  and  valve 
channel  block  diagram  structure. 

A  major  assumption  underlying  this  simulation  is  that  the  accompanying  outlet  valve  of  the 
MHT  system  has  been  designed  properly  to  ensure  that  the  harvesting  chamber  pressure  Pehc 
has  decreased  to  a  value  of  Pehc, min  at  the  instant  the  outlet  valve  fully  closes.  Furthermore, 
the  variable  Zvc, opening  is  the  distance  between  the  valve  stop  and  the  surface  of  the  valve  cap. 
For  example,  if  the  valve  being  modeled  is  forced  to  experience  a  sinusoidal  absolute  deflection 
history  from  Zvc  =  —20 /im  (fully  open)  to  Zvc  =  +20 /im  (fully  closed),  the  corresponding 
^vc, opening  values  are  Zvc>0pening  —  +40//T71  (fully  open)  to  Zvc  open^ng  =  0 fitn  (fully  closed). 

This  filling  simulation  will  be  an  important  part  of  the  systematic  active  valve  design  pro¬ 
cedure  detailed  in  the  following  sections.  It  will  allow  for  the  determination  of  a  valve  cap  size 
and  imposed  valve  opening  so  as  to  achieve  the  required  Pehc  pressure  excursion  during  MHT 
system  filling. 
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Inlet  Valve  Riling  Mode! 
(Imposed  Valve  Opening) 


Figure  5.5:  Simulink™  high-level  simulation  overview  for  filling  of  the  MHT  system  through 
the  inlet  active  valve. 


Figure  5.6:  Simulink™  valve  orifice  and  channel  sub-system  block  for  filling  of  the  MHT  system 
through  the  inlet  active  valve. 
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5.3  Systematic  Design  Procedure 

This  section  introduces  a  systematic  design  procedure  that  can  be  implemented  to  calculate 
dimensions  of  the  valve  cap,  valve  membrane,  hydraulic  amplification  chamber,  and  drive  ele¬ 
ment  portion  of  the  inlet  active  valve  to  satisfy  requirements  set  forth  by  the  external  hydraulic 
system.  This  design  procedure  is  based  upon  quasi-static  valve  piston  and  valve  cap  behavior 
(ie:  Zvc  =  Zvc  =  Zp{s  =  Zp{s  =  0).  Depending  upon  the  frequency  of  operation,  this  assumption 
may  or  may  not  be  a  valid  one,  since  system  dynamic  effects  could  come  into  play.  It  is  therefore 
the  purpose  of  this  quasi-static  design  procedure  to  generate  a  valve  design,  from  which  a  full 
dynamic  simulation  can  be  run  to  evaluate  the  goodness  of  the  design  and  be  used  as  a  tool  for 
fine-tuning  the  valve  geometry. 

5.3.1  Overview 

Figure  5.7  presents  a  generalized  flowchart  for  this  quasi-static  design  process.  Given  external 
system  requirements,  such  as  the  chamber  stiffness  KehCi  the  Pehc  pressure  fluctuation  from 
a  PEHC.min  to  a  Pehc, max  during  filling,  the  reservoir  pressure  Phpr ,  and  the  overall  desired 
system  frequency  /5y5,  the  following  steps  are  carried  out: 

1.  The  valve  cap  radius  Rye  (for  a  chosen  valve  stroke  2^troJte)  is  calculated  to  allow  for 
adequate  filling  of  the  harvesting  chamber. 

2.  The  valve  membrane  outer  radius  Rym  and  required  PHAcif)  time  history  (for  a  given 
membrane  thickness  tvm)  are  calculated  to  allow  for  motion  of  the  cap  along  its  desired 
trajectory  against  the  known  external  loads  while  at  the  same  time  ensuring  membrane 
stresses  below  critical  levels. 

3.  The  drive  element  piston  area  Apis  and  piezo  area  Ap  are  calculated  to  provide  a  stiffness 
match  between  the  drive  piston  structure  and  the  load  that  it  encounters  and  to  ensure 
adequate  actuation  capabilities. 


Figure  5.7:  Flowchart  illustrating  the  design  procedure  for  the  inlet  active  valve. 
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The  full  active  valve  design  procedure,  which  will  be  discussed  in  Section  5.6,  includes  the 
ability  to  consider  single  valve  cap  and  membrane  designs  as  well  as  multiple  valve  cap  and 
membrane  designs  (from  now  on  Nvh  is  designated  as  the  number  of  valve  heads  in  the  design), 
varying  valve  cap  strokes  ZVCi$troke->  and  varying  valve  membrane  thicknesses  tvm.  There  are 
important  and  interesting  design  issues  associated  with  each  of  these  design  freedoms.  Sections 
5.4.1,  5.4.2,  and  5.5  detail  these  issues.  However,  in  this  section,  in  order  to  present  clearly  the 
physical  intuition  behind  the  main  steps  in  the  design  procedure,  the  following  assumptions  are 
made.  First,  this  section  focuses  on  generation  of  a  single  valve  cap  and  membrane  valve  design. 
Second,  in  Step  1  when  calculating  the  valve  cap  radius  for  adequate  filling  of  the  harvesting 
chamber,  a  value  for  ZVCjStroke  is  assumed.  Third,  in  Step  2,  the  valve  membrane  radius  Rvm 
and  required  Phac{ t)  are  calculated  for  an  assumed  valve  membrane  thickness  tvm. 

5.3.2  System  Requirements 

To  facilitate  the  understanding  of  the  basic  steps  in  the  design  procedure  detailed  in  the  follow¬ 
ing  subsections,  numerical  system  requirements  characteristic  of  a  typical  MHT  are  presented 
here.  For  Phpr  =  1.2 MPa,  the  inlet  valve  opens  in  a  sinusoidal  manner  to  fill  a  harvest¬ 
ing  chamber  with  Kehc  =  1.5e16^f.  The  system  frequency  is  chosen  to  be  fsy$  =  10kHz 
and  it  is  desired  that  during  this  filling  process,  Pehc  should  rise  from  a  minimum  pressure 
pmin  =  0.2 MPa  to  a  maximum  pressure  Pmax  =  1.0 MPa.  It  is  assumed  that  the  outlet  valve 
is  designed  properly  to  allow  evacuation  from  Pmax  =  1.0 MPa  to  Pmin  =  0.2 MPa  during  the 
time  that  the  inlet  valve  is  closed.  In  addition,  for  this  example  system,  the  channel  dimen¬ 
sions  Lc  and  Ac  are  chosen  to  ensure  that  fluid  inertial  effects  in  the  channel  are  negligible  (ie: 
Pehc  —  Pehc  at  a11  times)- 

5.3.3  Step  1:  Design  of  Valve  Cap 

In  the  first  step  of  the  design  procedure,  the  valve  cap  radius  RyC  is  calculated  so  as  to  allow 
for  exact  filling  of  the  harvesting  chamber.  With  the  imposed  valve  cap  motion  Zvc(t)  and  the 
external  hydraulic  system  modeling  tools  described  in  Section  5.2,  RyC  is  determined  such  that 
the  pressure  rise  in  the  harvesting  chamber  increases  from  its  initial  minimum  of  Pmin  to  the 
desired  maximum  pressure  Pmax  at  the  time  the  valve  completely  closes  again.  In  this  example 
procedure,  the  valve  cap  stroke  is  taken  to  be  Zstrofce  =  40 fj,m.  Equations  5.1,  5.2,  5.3,  5.6  are 
solved  in  the  previously  described  Simulink  simulation  for  this  purpose.  Insufficient  filling  will 
result  if  Rye  is  not  large  enough.  Conversely,  if  Rye  is  too  large,  the  chamber  will  be  filled  in 
excess.  Figure  5.8  illustrates  adequate  and  inadequate  filling  scenarios. 

For  the  example  MHT  system,  a  value  of  RyC  =  241/zm  is  determined,  through  iteration, 
that  results  in  a  harvesting  chamber  pressure  rise  from  Pehc  ”  0.2MPa  to  Pehc  =  1.0 MPa 
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(b)  Rvo«0.241mm 


(c)  R^^O. 300mm 


Figure  5.8:  Chamber  filling  plots  corresponding  to  Zstroke  =  40 pm  and  differing  values  of  RyC: 
(a)  if  Rvc  =  180 pm,  the  chamber  can  not  fill  adequately,  (b)  if  RvC  =  241pm,  the  chamber  fills 
the  desired  amount,  and  (c)  if  Rvc  =  300pm,  the  chamber  fills  in  excess  of  the  desired  amount. 


during  the  time  that  the  inlet  valve  is  open.  Figure  5.8(b)  displays  the  imposed  valve  cap 
deflection,  the  corresponding  flow  rate  Qin  through  the  valve,  and  the  resulting  PsHcit)  time 
history  for  this  case.  The  valve  is  completely  closed  when  ZVCtopening  =  0pm  and  is  fully 
open  when  ZVC  Openlng  =  +40pm.  Note  that  the  chamber  fills  properly  since  the  pressure  at 
the  instant  of  valve  closing  is  1.0  MPa.  Since  a  complete  PsHc(t)  time  history  is  needed  for 
further  steps  in  the  design  procedure,  it  is  assumed  that  an  outlet  valve  for  the  system  has  been 
sufficiently  designed  to  evacuate  the  fluid  during  the  second  half  of  the  device  cycle.  Figure 
5.8(a)  shows  the  corresponding  results  for  the  case  where  the  valve  cap  radius  is  too  small, 
Rvc  —  180pm.  Here,  the  chamber  pressure  is  only  able  to  rise  to  Pehc  =  0.9 MPa  at  the 
instant  the  inlet  valve  closes.  Figure  5.8(c)  shows  the  corresponding  results  for  the  case  where 
the  valve  cap  radius  is  too  large,  Rvc  =  300pm.  Here,  the  chamber  pressure  rises  in  excess  of 
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the  desired  value  to  Pehc  =  1.0 SMPa  at  the  instant  the  inlet  valve  closes. 


5.3.4  Step  2:  Design  of  Valve  Membrane 

In  the  second  step  of  the  design  procedure,  for  a  given  valve  membrane  thickness  tvm ,  the 
outer  membrane  radius  Rvm  a&d  required  PHAc(t)  time  history  are  calculated  such  that  the 
valve  cap  properly  follows  its  imposed  trajectory  Zvc(t)  and  experiences  a  maximum  tensile 
membrane  stress  during  this  motion  of  avm  =  The  code  calculates  the  entire  stress 

field  along  the  membrane,  however  it  records  only  the  maximum  tensile  value  for  each  time 
instant  during  the  cycle  and  calls  it  avm.  A  limiting  value  for  —  l.OGPa  is  taken  from 

[6]  [5].  Since  a  small  value  of  tvm  is  desired  to  minimize  actuation  requirements,  an  initial 
value  of  tvm  =  7[im  is  employed.  For  the  given  value  of  tvm:  a  guess  for  Rvm  is  taken.  Under 
the  constant  Phpr  loading  on  the  valve  membrane  and  the  time- varying  loading  PehcW  on 
the  valve  cap  calculated  in  Step  1,  the  required  P{iAc(t )  time  history  is  calculated  to  force 
the  valve  membrane  and  cap  to  follow  its  imposed  trajectory  Zvc(t).  During  this  time  cycle, 
avm  is  monitored.  This  procedure  becomes  an  iterative  process  in  Rvm  until  a  value  of  Rum  is 
determined  such  that  at  some  time  during  the  complete  cycle,  a  peak  tensile  stress  of  a nmit  is 
reached.  As  will  be  discussed  in  Section  5.4.2,  it  might  be  the  case  that  it  is  impossible  to  arrive 
at  a  membrane  design  for  this  particular  value  of  tvm  due  to  high  stresses  in  the  membrane, 
at  which  point  it  will  be  necessary  to  increase  the  membrane  thickness.  However,  this  issue  is 
held  off  until  Section  5.4.2. 


Figure  5.9:  Valve  membrane  behavior  corresponding  to  Zstroke  =  40/itm,  Rue  =  241  /mi, 
tvm  =  7/im,  and  Rum  —  757/xro:  (a)  required  hydraulic  amplification  chamber  Phac{ Oi  0>) 
corresponding  valve  cap  and  membrane  swept  volume  dVvm(t ),  and  (c)  peak  stress  in  valve 
membrane  crvm(t). 


For  the  example  MHT  system,  a  value  of  Rvm  =  757 fxm  is  determined  for  tvm  =  7 \im. 
The  required  Phac{ t)  time  history,  swept  volume  time  history  under  the  membrane  and  cap 
dVvm(t ),  and  the  associated  membrane  stress  time  history  avm(t)  are  shown  in  Figures  5.9(a), 
(b),  and  (c)  respectively.  In  Figure  5.9(c),  notice  that  the  maximum  stress  in  the  membrane 
during  the  cycle  occurs  when  the  cap  is  deflected  to  its  minimum  value  of  Zvc  =  —  20/zm.  The 
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membrane  again  experiences  a  stress  of  1.0 GPa  when  the  cap  is  at  its  maximum  deflection 
of  Zvc  =  +20 pm.  This  reconfirms  the  design  choice  to  force  the  membrane  into  symmetric 
upward  and  downward  motion  so  as  to  maximize  total  valve  cap  stroke  when  restricted  to 
limited  membrane  stress  levels. 


5.3.5  Step  3:  Design  of  Piezoelectric  Drive  Element 

In  the  third  step  of  the  design  procedure,  the  piezoelectric  material  area  and  drive  element 
piston  area  are  determined  so  as  to  create  a  quasi-static  stiffness  match  with  the  loading  seen 
by  this  structure.  The  goal  in  doing  this  is  to  maximize  the  energy  transfer  from  the  piezoelectric 
material  to  the  load.  As  shown  in  Figure  5.10,  the  valve  cap/membrane  and  external  hydraulic 
system  appear  to  the  drive  structure  as  a  stiffness  Kvm  in  series  with  a  fluid  stiffness  KHAC 
of  the  hydraulic  amplification  chamber.  A  linearization  of  the  actuation  curve  associated  with 
the  motion  of  the  valve  cap  (described  by  the  time  histories  PHAc(t)  and  dVvm(t)  calculated 
in  Step  2  of  the  design  procedure  and  plotted  against  one  another  in  Figure  5.10(a))  provides 
an  approximation  for  this  Kvm  stiffness.  Combining  Kvm  and  K uac  together  produces  an 
overall  load  Kload  seen  by  the  piezoelectric  element.  This  model  neglects  the  stiffness  of  the 
drive  piston  tethers.  Studies  have  shown  that  the  stiffnesses  of  these  tethers  in  relation  to  the 
Kvm  and  KHac  are  small  for  typical  active  valve  designs.  The  requirement  of  a  stiffness  match 
between  Kpiezo  and  Kload  therefore  results  in  the  following  equality, 


Kpiezo  —  Kload 
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Substituting  this  requirement  into  the  following  piezoelectric  material  actuator  equation, 
one  obtains  a  relationship  between  Zp  and  Vp, 


ZP  =  d33Vp  d33Vp  - 

I\v 


(5.8) 


In  addition  to  this  impedance  match  requirement  on  Zp,  Zp  must  also  satisfy  the  volume 
conservation  relation  within  the  active  valve  structure, 


rj  A Vde  AF„m  4"  AV fluid 
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Eliminating  Zp  in  Equations  5.8  and  5.9  results  in  the  following  equality, 
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Therefore,  equations  5.7  and  5.10  form  a  set  of  two  equations  with  three  unknowns  Apis, 
Ap:  and  Vp.  Equation  5.7  sets  the  relationship  between  Apis  and  Ap  for  a  stiffness  match 
between  piezo  and  load  to  be  achieved  while  equation  5.10  defines  the  condition  under  which 
valve  performance  is  met,  relating  the  input  piezo  voltage  Vp  to  the  ApiS.  In  observing  these 
equations,  it  is  clear  that  the  smaller  the  voltage  v„  the  larger  the  values  of  Apis  and  Ap  need 
to  be.  Since  one  of  the  goals  in  the  design  of  this  active  valve  is  make  its  total  volume  as  small 
as  possible,  this  implies  that  the  valve  should  work  at  as  large  a  voltage  as  possible.  In  real 
devices,  a  limitation  of  electrical  breakdown  across  the  air  gap  between  drive  element  piston 
and  the  bottom  structural  plate  exists,  and  therefore  a  maximum  allowable  Vp  for  the  given 
piezo  length  Lp  is  set.  As  a  result,  in  the  design  of  this  valve,  voltage  now  becomes  an  imposed 
quantity.  The  set  of  two  equations  can  be  solved  for  the  two  remaining  geometric  free  design 
variables  Apis  and  Ap  to  create  a  quasi-static  stiffness  match  condition  between  the  piezo  and 
load  and  to  ensure  adequate  valve  performance  to  satisfy  the  actuation  requirements  passed 
down  from  the  membrane  and  cap  design  steps. 


Figure  5.10:  Simplification  of  the  active  valve  device  in  a  quasi-static  stiffness  match  analogy: 
(a)  determination  of  linearized  Kvm  stiffness  load,  (b)  important  actuation  volume  change 
and  pressure  variables,  (c)  valve  membrane  volumetric  stiffness  in  series  with  fluid  hydraulic 
stiffness  acting  through  piston  area  against  piezo  displacement  stiffness,  and  (d)  lumped  linear 
load  spring  acting  against  piezo  material. 


For  the  example  MHT  system,  the  piezoelectric  material  thickness  is  assumed  to  be  Lp  = 
1mm  and  the  applied  peak-peak  voltage  is  assumed  to  be  Vp  =  1000V.  Under  these  assump¬ 
tions,  a  drive  piston  area  and  piezo  area  are  calculated  to  correspond  to  Rp,,  =  3.59 mm  and 
Rp  =  0.88 mm.  Figures  5.11(a),  (b),  and  (c)  show  the  required  piezoelectric  voltage  time  his¬ 
tory  Vp  to  force  the  valve  cap  to  follow  the  desired  trajectory  Zvc(t),  the  drive  element  PHAC 
vs.  dVfe  actuation  curve,  and  the  resulting  piezoelectric  material  stress  time  history  Tp,  re¬ 
spectively.  In  comparing  Figure  5.11(b)  to  Figure  5.10(a),  notice  the  increased  volume  change 
between  dV^e  and  dVvm.  This  difference  is  exactly  equal  to  the  fluid  compressibility  volume 
change  dVHAC  under  the  pressure  loading  PnAC(t).  At  this  point,  a  design  for  the  active  valve 
has  been  achieved. 


Figure  5.11:  Drive  element  behavior  corresponding  to  Rpi,  =  3.59mm  and  Rp  =  0.88mm:  (a) 
required  piezoelectric  voltage  Vp(t),  (b)  corresponding  drive  element  actuation  curve,  and  (c) 
stress  on  piezoelectric  material  Tp(t). 
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5.4  Design  Freedoms  Within  Procedure 


The  basic  design  procedure  for  the  active  valve  discussed  in  Section  5.3  was  simplified  in  three 
ways  in  order  to  ease  the  explanation  of  the  main  steps.  First,  the  valve  design  was  carried 
out  for  a  valve  geometry  with  only  a  single  valve  cap  and  membrane  above  the  hydraulic 
amplification  chamber  (Nvh  =  1).  Second,  the  design  assumed  a  predetermined  stroke  Z vc,  stroke 
of  the  valve  cap.  Third,  the  design  assumed  that  a  value  of  tvm  could  be  chosen  that  would 
result  in  the  successful  calculation  of  the  valve  membrane  outer  radius  Rym  to  guarantee  stresses 
below  a  limiting  value.  In  reality,  when  designing  the  active  valve  structure,  one  would  like  to 
relax  all  three  of  these  design  restrictions  so  that  the  design  process  creates  an  optimal  valve 
geometry.  It  might  therefore  be  the  case  that  the  optimal  active  valve  design  uses  five  valve 
caps  and  membranes  in  parallel  above  the  hydraulic  amplification  chamber  rather  than  a  single 
valve  cap  and  membrane,  or  that  the  stroke(s)  of  the  valve  cap(s)  should  be  20 fim  rather  than 
40/ira,  or  that  %fim  is  the  minimal  valve  membrane  thickness  that  can  be  used  to  create  a  strong 
enough  valve  membrane  structure.  This  section  will  discuss  two  of  these  three  design  freedoms, 
ZVCistroke  and  tvm.  The  third  design  freedom,  Nvh,  will  be  discussed  in  Section  5.5.  All  three 
design  freedoms  will  then  be  included  in  the  final  systematic  design  procedure  presented  in 
Section  5.6. 


5.4.1  Design  Freedom:  ZVCiStroke 

In  the  example  active  valve  design  procedure  presented  in  Section  5.3,  the  required  valve  cap 
size  Rvc  was  calculated  that  would  allow  for  adequate  filling  of  the  harvesting  chamber,  given 
that  the  valve  cap  was  allowed  to  move  through  a  stroke  of  ZVCfStroke  =  40/zm.  It  would  have  also 
been  possible  to  determine  a  value  for  RvC  if  ZVCiStroke  =  20 fim.  To  maintain  fluid  flow  resistance 
through  the  valve  structure,  it  makes  sense  that  as  the  valve  cap  stroke  is  decreased,  the  radius 
of  the  valve  cap  itself  must  be  increased.  Figure  5.12  displays  the  calculated  valve  cap  radius 
Rvc  for  a  series  of  different  valve  cap  strokes  Zvc^troke  f°r  the  example  MHT  system  described 
in  the  previous  section.  For  an  imposed  ZVCiStroke  =  40/im,  the  design  code  simulation  requires 
a  value  of  RyC  —  241  fim  to  ensure  proper  filling  of  the  harvesting  chamber.  Alternatively,  for 
an  imposed  ZVCiStroke  =  20/xra,  the  design  code  simulation  requires  a  value  of  Rvc  =  688 \im  to 
ensure  proper  filling  of  the  harvesting  chamber.  Therefore,  different  combinations  of  Zvc,  stroke 
and  RyC  can  effectively  fill  the  chamber,  but  as  the  full  design  procedure  in  Section  5.6  will 
illustrate,  one  combination  may  be  better  than  others  in  designing  the  remaining  structures  of 
the  valve. 
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Figure  5.12:  Design  of  valve  cap,  for  PHPR  =  1.2 MPa,  fsys  =  10 kHz,  PEHC,min  =  0.2 MPa, 
PEHC.max  =  1-OMPa,  and  varying  Zvc>ltTOke. 


5.4.2  Design  Freedom:  f„m 


For  a  given  size  valve  cap  (value  of  Rye),  the  next  step  in  the  design  procedure  is  to  design  a 
membrane  structure  which  can  carry  this  valve  cap  through  the  imposed  opening  time  history 
against  the  external  pressure  loadings,  PHPR  and  PEHc{t).  During  filling  of  the  chamber, 
as  was  discussed  in  previous  sections,  PHPR  is  constant  with  time  over  the  valve  membrane, 
however,  PERc  varies  from  a  minimum  to  a  maximum.  The  valve  membrane  radius  Rym  and 
thickness  tvm  must  be  determined  to  achieve  the  desired  behavior. 

Two  example  studies  will  be  included  in  this  section  to  illustrate  some  important  issues 
concerning  the  design  of  the  valve  membrane  structure.  The  first  study  will  look  at  the  design 
of  the  valve  membranes  for  each  of  the  valve  cap  sizes  arrived  at  in  Section  5.4.1,  assuming 
that  Phpr  =  PEhc  —  1.2 MPa  for  all  time  during  the  opening  and  closing  of  the  valve  cap 
and  membrane.  This  situation,  where  the  pressures  above  the  cap  and  membrane  structure 
are  constant  with  time,  would  never  occur  in  reality.  However,  the  purpose  of  this  study  is  to 
illustrate  an  important  point  associated  with  the  structural  design  of  the  membrane.  The  second 
study  will  then  focus  on  the  real  case,  where  Phpr  =  1.2 MPa  during  opening  and  closing,  but 
Pehc  does  vary  as  calculated  in  the  design  code  simulation.  The  overall  conclusion  from  these 
comparative  studies  will  be  that  this  changing  PEhc  pressure  with  time  in  certain  circumstances 
does  not  allow  for  a  valve  design  of  a  particular  membrane  thickness  to  be  calculated  that  can 
satisfy  the  membrane  stress  limitations.  In  such  cases,  it  will  be  necessary  to  iterate  to  larger 
membrane  thicknesses  to  achieve  a  reasonable  design. 
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Example  Study:  Phpr  —  1-2 MPa  and  PEHc{t)  =  1.2 MPa 

In  this  example  study,  for  each  of  the  valve  cap  designs  presented  in  Figure  5.12,  the  design 
code  calculates  the  valve  membrane  radius  so  that  for  the  imposed  valve  cap  displacements  and 
under  the  constant  external  loading  Phpr  —  Pehc  =  1.2 MPa,  the  membrane  experiences  a 
peak  stress  of  avm  =  1  GPa  during  its  opening/closing  cycle.  The  valve  membrane  thickness 
is  assumed  to  be  tvm  =  7 fj,m  for  these  calculations.  This  is  really  a  lower  limit  for  membrane 
thickness  based  on  fabrication  restrictions. 

Valve  Membrane  Radius  and  Thickness 


Figure  5.13:  Design  of  valve  membrane  for  the  case  where  the  external  pressure  loading  on 
the  valve  cap  and  membrane  are  held  constant  during  the  time  that  the  cap  opens  and  closes, 
Phpr  =  Pehc  =  12 MPa  constant  with  time. 


Figure  5.13  displays  the  calculated  Rym  values  for  each  of  the  imposed  Zvc^troke  and  previ¬ 
ously  calculated  Rye  values.  For  an  imposed  Zvc  =  40 pm  and  therefore  for  the  previously  calcu¬ 
lated  RyC  =  241pm,  the  design  code  procedure  calculates  a  membrane  radius  of  Rym  =  688pm 
to  ensure  stresses  below  the  limit.  For  an  imposed  Zvc  =  20pm  and  therefore  for  the  pre¬ 
viously  calculated  Rye  —  688pm,  the  design  code  procedure  calculates  a  membrane  radius  of 
Rvm  =  924pm  to  ensure  stresses  below  the  limit.  In  all  cases  for  the  imposed  valve  cap  stroke 
between  20pm  and  40pm,  the  membrane  is  able  to  designed  with  tvm  =  7pm. 

To  illustrate  how  the  code  determines  Rym,  take  the  point  design  for  an  imposed  ZVCy stroke  ~ 
20 pm.  The  valve  cap  radius  has  been  previously  calculated  to  be  RyC  =  688pm.  The  code  begins 
by  guessing  a  value  of  Rym:  and  then  determines  the  required  Phac  pressure  underneath  the 
cap  and  membrane  at  each  instant  of  time  to  satisfy  the  required  cap  displacement  against  the 
external  pressure  loadings.  The  membrane  stress  is  recorded  for  all  time  instants  during  the 
complete  opening/closing  cycle  of  the  valve  cap.  The  code  then  iterates  in  Rvm  until  a  value  is 
determined  that  results  in  the  desired  peak  stress  occurring  during  the  valve  cap  opening/closing 
cycle. 
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Figure  5.14:  For  Zvc>)troke  =  20/im,  Rvc  =  688 fim,  Phpr  =  Pehc  ~  1.2 MPa  constant  with 
time,  and  tvm  =  7/im,  the  membrane  peak  stress  crvrn,peak  during  valve  cap  motion  decreases  as 
Rum  is  decreased.  An  Rum  to  meet  the  desired  cVm,peak  =  1  GPa  can  be  determined. 


Figure  5.14  plots  the  peak  membrane  stress  during  a  complete  valve  membrane  cycle  for 
guesses  of  R,m.  Notice  that  the  value  of  for  which  ovm,max  =  1.0  is  924/im.  For  a  small 
value  of  Rum  =  900 pm,  the  membrane  stress  reaches  a  peak  stress  of  avm  =  1.24GPa  during 
the  cycle,  whereas  for  a  large  value  of  Rum  =  1200 /<m,  the  membrane  stress  reaches  a  peak 
stress  of  only  avm  =  0.22  GPa  during  the  cycle.  For  a  value  of  R,,rn  =  1010/jrn  (chosen  for 
demonstration  purposes),  a  peak  stress  of  cVm  —  0.52 GPa  during  the  cycle  is  determined.  For 
all  of  these  membrane  designs,  the  peak  stress  occurs  at  the  time  during  the  cycle  when  the  valve 
membrane  is  at  peak  positive  displacement.  Figure  5.15  illustrates  the  spatial  displacement  and 
stress  distributions  of  the  membrane  for  these  three  membrane  designs.  Notice  in  Figure  5.15(a), 
f°r  Ru  m  —  1200/wn,  that  the  stress  is  low  because  of  the  minimal  curvature  in  the  membrane 
at  the  inner  and  outer  boundaries.  Also,  there  is  only  a  slight  shift  in  the  mean  stress  on  the 
top  and  bottom  membrane  surfaces  (ie:  the  membrane  is  experiencing  non-linear  stretching  of 
the  neutral  axis,  but  only  slightly).  In  Figure  5.15(c),  for  Rum  =  900^m,  the  stress  is  high 
because  of  the  significant  curvature  in  the  membrane  at  the  inner  and  outer  boundaries.  In 
this  case,  there  is  a  significant  shift  in  the  mean  stress  (~  0.25 GPa)  on  the  top  and  bottom 
membrane  surfaces  as  the  membrane  experiences  quite  a  bit  of  non-linear  stretching.  And  in 
Figure  5.15(b),  for  Rum  =  1010/rm,  the  membrane  behavior  is  between  the  previous  two  cases. 

The  important  conclusion  from  this  example  study  with  a  constant  Pehc  above  the  valve 
cap  during  the  design  of  the  valve  membrane  structure  is  that  for  the  variety  of  valve  cap  strokes 
imposed,  a  valve  membrane  with  thickness  tvm  is  able  to  be  determined  to  satisfy  the  stress 
limitations.  As  will  be  shown  in  the  following  example  study,  as  Pehc  is  allowed  to  vary,  as  it 
would  in  a  real  system,  different  membrane  thicknesses  will  have  to  be  considered. 
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(a)  Membrane  Deflection:  R  *1 .200mm 

'  '  vm 


(c)  Membrane  Deflection:  R  =1.01 0mm 
'  ’  vm 


(e)  Membrane  Deflection:  R  =0.900mm 
'  '  vm 


(b)  Membrane  Stress:  R  = 1.200mm 
'  vm 


Figure  5.15:  Example  valve  membrane  deflection  and  stress  plots  for  ZVCiStroke  —  20/jm,  Rye  = 
688 Phpr  =  Pehc  —  1*2 MPa  constant  with  time,  and  tvm  —  7fim:  (a)  Rym  =  1200 /zm, 
(b)  Rym  —  and  —  9 OO^ini. 
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Example  Study:  Phpr  =  1.2 MPa  and  Pehc{1)  =varying 

In  this  example  study,  for  each  of  the  valve  cap  designs  presented  in  Figure  5.12,  the  design 
code  calculates  the  valve  membrane  radius  so  that  for  the  imposed  valve  cap  displacements  and 
under  the  external  loading  PHPR  =  1.2 MPa  and  PEhc  =  0.2 MPa  -4  1.0 MPa,  the  membrane 
experiences  a  peak  stress  of  crvm  =  1  GPci  during  its  opening/closing  cycle.  The  valve  membrane 
thickness  is  desired  to  be  tvm  =  7 pm  for  these  calculations,  however,  if  a  membrane  design  at 
a  certain  thickness  can  not  be  found,  then  the  thickness  is  increased.  Figure  5.16  displays  the 
calculated  Rum  values  for  each  of  the  imposed  Zvc,itToke  and  previously  calculated  RuC  values. 


Vafve  Membrane  Radius  and  Thickness 


Figure  5.16:  Design  of  the  valve  membrane  for  the  case  where  Phpr  =  1.2MPa  and  the 
external  pressure  loading  on  the  valve  cap  Pehc  is  allowed  to  vary  with  time,  as  it  would  in  a 
real  hydraulic  system. 


In  comparison  to  the  previous  example  study  where  a  valve  membrane  with  tvm  =  7pm 
could  be  designed  for  each  of  the  valve  cap  strokes,  in  this  example  study,  as  Zvc, stroke  is 
reduced  from  40 pm  to  20 pm,  tvm  must  be  increased  from  7 pm  so  as  to  determine  values 
that  satisfy  the  stress  requirements.  This  is  a  result  of  the  changing  Pehc  pressure  over  the 
valve  cap  as  the  cap  moves  through  its  cycle.  For  an  imposed  Zvc>stroke  =  40 pm  and  therefore 
for  the  previously  calculated  R„c  —  241pm,  the  design  code  procedure  is  able  to  determine  a 
membrane  radius  of  Rvm  =  751  pm  for  tvm  =  7 pm  to  ensure  stresses  below  the  limit.  For  an 
imposed  Zvc>3troke  =  20 pm  and  therefore  for  the  previously  calculated  RyC  =  688 pm,  however, 
the  design  code  procedure  is  not  able  to  determine  a  satisfactory  Rum  for  either  tvm  =  7 pm  or 
tvm  =  8pm.  Rather,  it  must  increase  the  membrane  thickness  to  tvm  =  9 pm  in  order  to  find  a 
satisfactory  membrane  radius  of  Rum  =  1010/tm  that  ensures  stresses  below  the  limit 

Figure  5.17  plots  the  peak  membrane  stress  during  a  complete  valve  membrane  cycle  for 
the  case  of  imposed  Zvc  stroke  =  20 pm  for  guesses  of  RVm  at  the  three  thicknesses  tvm  =  7 pm, 
tvm  =  8pm,  and  tvm  —  9 pm.  For  tvm  =  7 pm,  no  value  of  Rvm  can  be  chosen  to  bring 
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the  stress  below  the  critical  limit  of  aumit  =  1  GPa.  At  this  thickness,  small  values  of  Rvm 
and  large  values  of  Rvm  both  result  in  large  stresses  due  to  high  membrane  curvature  at  the 
membrane  boundaries.  In  the  case  of  small  the  high  curvature  is  a  result  of  the  membrane 
being  so  short  in  width,  whereas  for  the  case  of  large  Rvm,  the  high  curvature  is  a  result  of 
bowing  of  the  membrane  under  the  large  negative  pressure  differential  across  the  membrane 
(see  later  discussion).  For  tvm  =  8pm,  again  no  value  of  Rvm  can  be  determined,  although  the 
minimum  of  the  curve  is  approaching  aumit •  Finally,  for  tvm  =  9pm,  a  valve  membrane  radius 
is  achievable.  In  fact,  there  are  two  potential  solutions,  one  at  Rvm  —  1130pm  and  the  other 
at  Rvm  =  1015 pm.  During  the  design  procedure,  the  code  picks  the  smaller  of  the  two  values, 
so  as  to  minimize  the  valve  size. 


Figure  5.17:  For  ZVCjSt roke  =  20pm,  RvC  =  688pm,  PHpr  =  1.2 MPa,  PEHC  varying  with 
time,  and  for  different  tvm,  the  membrane  peak  stress  ow,Peafc  during  valve  cap  motion  reaches 
a  minimum  at  a  particular  RVm-  A  satisfactory  RVm  for  tvm  —  7pm  and  for  tvm  =  8 pm 
can  not  be  found,  however  an  Rvm  for  tvm  =  9pm  can  be  determined  to  meet  the  desired 
&vm,peak  =  1  GPa. 


Figure  5.15  illustrates  the  spatial  displacement  and  stress  distributions  of  the  membrane 
for  three  values  of  membrane  radius  Rvm  =  1200pm,  Rvm  =  1010pm,  and  Rvm  =  900pm, 
all  for  tvm  =  9pm.  Notice  in  Figure  5.18(a),  for  Rvm  =  1200pm,  that  the  stress  is  large 
because  of  the  significant  curvature  in  the  membrane  at  the  inner  boundary  due  to  the  negative 
bowing  of  the  membrane.  This  bowing  develops  because  at  the  instant  when  the  valve  cap  is 
at  its  maximum  deflection  upward,  the  pressure  acting  on  the  top  surface  of  the  valve  cap  is 
at  its  minimum  PEhc  =  0.2 MPa.  Therefore,  the  required  Phac  within  the  valve  hydraulic 
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amplification  chamber  at  this  time  instant  is  low,  resulting  in  a  significant  negative  pressure 
across  the  valve  membrane.  In  Figure  5.18(c),  for  i^m  =  900pm,  the  stress  is  high  because  of 
the  significant  curvature  in  the  membrane  at  the  inner  and  outer  boundaries,  due  to  the  minimal 
width  of  the  membrane.  And  in  Figure  5.18(b),  for  =  1010pm,  the  peak  membrane  stress 
is  o% >m}peak  =  l.OGPa  and  occurs  at  the  inner  membrane  boundary. 

This  study  has  shown  that  in  designing  to  valve  membranes  to  work  under  varying  pressure 
time  histories,  depending  on  the  magnitude  of  the  external  pressures  and  their  behavior  with 
time,  it  is  sometimes  impossible  to  determine  a  valve  membrane  radius  for  a  given  membrane 
thickness  to  achieve  stresses  below  the  critical  limits.  As  a  result  of  this,  the  final  systematic 
active  valve  design  procedure  presented  in  Section  5.6  is  capable  of  recognizing  these  restrictions 
and  iterating  on  the  membrane  thickness  until  a  satisfactory  membrane  design  is  achieved. 
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Deflection  (urn)  Deflection  (urn)  Deflection  (*im) 


0.7  0.8  0.9  1  1.1  1.2 

Radial  Location  (mm) 


(b)  Membrane  Stress:  R  _-1 .200mm 

'  '  vm 


Figure  5.18:  Example  valve  membrane  deflection  and  stress  plots  for  ZVCjStro ke  —  20pm,  live  = 
688 pm,  Phpr  =  1.2 MPa,  Pehc  varying  with  time,  and  tvm  =  9 pm:  (a)  Rym  =  1200pm,  (b) 
Rvm  =  1010pm,  and  R^m  —  900pm. 


5.5  Power  Consumption  in  Active  Valve 


During  each  cycle  of  operation  of  the  active  valve,  electrical  energy  flows  into  and  out  of  the 
piezoelectric  material.  The  amount  of  energy  required  is  dependent  on  the  strain  of  the  material 
and  the  load  that  it  actuates  against.  To  create  a  simple  method  for  evaluating  these  energies 
in  a  given  active  valve  geometry,  the  drive  element  portion  of  the  valve  will  be  focused  on.  In 
the  final  step  of  the  design  procedure,  the  piezoelectric  material  diameter  and  drive  element 
piston  diameter  were  calculated  to  create  a  stiffness  match  condition  with  the  loading  that  the 
drive  element  experienced  (see  details  in  Section  5.3.5).  Figure  5.11(b)  illustrated  the  drive 
element  actuation  curve  for  the  example  design  in  Section  5.3.2.  This  type  of  curve  will  be  the 
basis  for  evaluating  cyclic  energy  flow  in  the  valve. 

5.5.1  Overview  of  Energy/Power  Consumption 

Figure  5.19  displays  representative  drive  element  actuation  plots  for  a  typical  active  valve  design. 
In  Figure  5.19(a),  as  the  piezoelectric  material  expands  and  creates  a  positive  drive  element 
volume  change  dVde,  the  pressure  within  the  hydraulic  amplification  chamber  PHAC  increases, 
due  to  the  stiffness  of  the  valve  membrane  and  the  external  pressure  loading  time  histories 
Phpr  and  PEHc(t)-  The  piezoelectric  material  therefore  does  work  W\  on  its  environment.  In 
Figure  5.19(b),  the  piezoelectric  material  deflection  is  decreasing,  and  the  corresponding  work 
done  by  the  environment  on  the  piezoelectric  material  (the  drive  element)  is  W2.  Throughout 
a  full  cycle  of  the  valve,  a  total  hysteretic  valve  energy  loss  of  Whys  =  WX-W2  results.  This  is 
due  to  the  fact  that  during  drive  element  motion  upward,  the  average  Phac  pressure  that  the 
piston  moves  against  is  larger  than  that  which  exists  to  help  move  the  piston  downward  in  the 
second  portion  of  the  valve  cycle.  This  hysteretic  energy  loss  per  valve  cycle  is  being  put  into 
the  external  hydraulic  system. 


(a)  Energy  Flow  Through  Piezo  {1  st  half  erf  cycle)  (b)  Energy  Flow  Through  Piezo  (2nd  half  of  cycle)  (c)  Hysteretic  Energy  Loss  (Ful  Cycle) 


Figure  5.19:  Schematic  representation  of  energy  flows  and  losses  in  active  valve,  based  on 
drive  element  actuation  behavior:  (a)  work  done  by  piezo  material  on  load  during  first  half  of 
valve  cycle,  (b)  work  done  by  load  on  piezo  material  during  second  half  of  valve  cycle,  and  (c) 
hysteretic  energy  loss  during  a  full  valve  cycle. 
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This  hysteretic  energy  loss  can  be  written  in  integral  form  as 

Whys  =  Wi  +  w2  =  J  PHAcd{dVie)  +  jf  PHAcd{dVie) .  (5.11) 

Note  here  that  W2  is  a  negative  quantity  since  work  is  done  by  the  environment  on  the 
drive  element.  If  the  piezoelectric  material  and  attached  circuitry  were  100%  efficient,  then 
no  other  energy  loss  mechanisms  would  exist  within  the  valve  system.  In  reality,  though,  the 
piezoelectric  material  and  the  attached  circuitry  are  not  perfectly  efficient.  Assuming  a  lumped 
parameter  7 loss  as  the  fraction  of  energy  flowing  through  the  piezoelectric  material  during  a  full 
valve  cycle  that  is  lost  due  to  material  and  circuitry  inefficiencies,  the  total  amount  of  cyclic 
energy  lost  in  these  mechanisms  is  therefore 

Wl0$9='n0ss(W1  +  \W2\).  (5.12) 


In  order  to  calculate  the  power  consumption  of  the  valve  design,  the  frequency  of  operation 
of  the  valve  fsys  is  incorporated  into  the  previous  relations.  The  total  valve  power  consumption 
is  thus  the  product  of  the  valve  frequency  of  operation  and  the  total  energy  lost  by  the  valve 
during  a  single  cycle  of  operation, 

^consumption  —  fsys  "t  ]•  (5-13) 


These  power  consumption  quantities  Phys,  Pio$$,  and  Pconsumption  will  be  monitored  in  car¬ 
rying  out  the  full  valve  systematic  design  code  in  order  to  evaluate  the  benefits  of  a  particular 
valve  design  over  another  one. 

5.5.2  Benefit  of  Multiple  Valve  Heads 

The  incorporation  of  multiple  smaller-sized  valve  heads  (which  are  designed  to  achieve  the 
same  external  system  flow  performance  as  a  single  larger  valve  head)  has  the  potential  to 
reduce  hysteretic  energy  loss  of  the  active  valve  device.  This  phenomenon  will  be  presented 
from  the  point  of  view  of  the  valve  cap  and  membrane  acting  against  the  external  pressure 
loadings,  since  this  is  the  actual  structural  interface  between  the  active  valve  and  the  rest  of  the 
MHT  system.  The  hysteretic  energy  loss  of  the  active  valve  per  cycle  is  the  same  whether  it  is 
looked  at  from  the  point  of  view  of  the  drive  element  or  the  point  of  view  of  the  valve  cap  and 
membrane.  This  is  true  because  no  energy  loss  mechanisms  exist  within  the  valve  between  the 
drive  piston  and  the  valve  cap  and  membrane.  Certainly,  structural  compliances  do  exist,  but 
these  are  energy  storage  elements,  not  loss  mechanisms.  Therefore,  it  is  possible  to  calculate 


135 


the  hysteretic  energy  loss  by  focusing  on  just  the  motion  of  the  valve  cap  and  membrane  against 
the  external  pressure  loadings  encountered.  Furthermore,  since  the  valve  membrane  experiences 
a  constant  pressure  Phpr  during  the  complete  actuation  cycle,  no  cyclic  work  is  being  done 
through  the  valve  membrane  interface.  Therefore,  the  estimation  of  valve  hysteretic  energy 
loss  can  be  made  simply  by  looking  at  the  valve  cap  itself,  its  motion  against  the  time-varying 
external  pressure  loading  Pehc( t)  during  a  full  actuation  cycle. 

This  method  of  estimating  valve  hysteretic  energy  consumption  will  be  used  to  explain  the 
fundamental  benefit  of  incorporating  multiple  valve  heads  within  the  active  valve  device  rather 
than  just  a  single  valve  head.  For  a  given  valve  cap  radius  Rye,  imposed  motion  Zvc(t),  and 
known  external  loading  PEHc{t)  on  the  valve  cap,  the  hysteretic  energy  consumption  of  the 
valve  during  a  full  actuation  cycle  can  be  written  as 

Why,  =  J  PEHc(t)d(dVvc)  =  J  PEHc(t)-K{Rvc)2  dZvc.  (5.14) 


where  dVvc(t)  is  the  swept  volume  of  the  valve  cap.  For  simplicity  in  the  following  arguments, 
this  relation  can  be  simplified  to  the  following  proportionality, 


Whyg  OC  AP EHC^iRvc)  Zvc,atr0ke 


(5.15) 


where  ^Pehc  *s  the  difference  between  the  average  encountered  pressure  as  the  valve  moves 
upward  and  the  average  encountered  external  pressure  as  the  valve  moves  downward.  Also  for 
the  given  values  of  Rye  and  Zyc^troke,  the  peak  area  through  which  fluid  can  flow  during  an 
actuation  cycle  is 

Aflow  —  ^ftRvcZvc, stroke-  (5.16) 

Therefore,  for  a  given  valve  cap  size,  imposed  stroke,  and  known  external  pressure  loading 
time  history  on  the  valve  cap,  the  hysteretic  energy  loss  per  cycle  and  the  peak  fluid  flow  area 
can  be  related  by 


jf1-  «  Rvc  (5.17) 

A flow 

This  relation  basically  states  that  the  ratio  of  the  valve  cap  structural  area  (which  is  pro¬ 
portional  to  Whys)  to  the  valve  cap  circumference  (which  is  proportional  to  fluid  flow  area) 
can  be  decreased  by  reducing  the  size  of  the  valve  cap  radius  R„c.  To  reduce  hysteretic  energy 
consumption  in  the  active  valve,  therefore,  the  goal  should  be  to  reduce  this  as  much  as 

A  flow 
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possible,  while  keeping  Afiow  constant.  This  can  be  achieved  by  making  individual  valve  caps 
smaller  and  placing  many  in  parallel  with  multiple  valve  orifices  connecting  the  high  pressure 
reservoir  to  the  harvesting  chamber.  Updating  Equations  5.15  and  5.16  above  to  include  the 
freedom  to  choose  a  particular  number  of  valve  heads  Nvh  within  the  design  leads  to 

WhySiNvh  OC  Nvh&PEHC’irRvc,NvhZvc,stroke,Nvh  (5.18) 


and 


Aflow}Nvh  —  Nvh?‘'xRvc,Nvh  Zvc,8troke,Nvh~ 


(5.19) 


If  the  goal  is  to  design  a  valve  with  Nvh  >  1  that  has  the  same  total  flow  area  as  a  valve  with 
a  single  valve  head,  the  following  proportionality  must  be  maintained  (calculated  by  equating 
Equations  5.16  and  5.19), 


Rvc,Nvh  1  Zvc,stroke 


Rvc 


Nvh  Zvc,stroke,Nv) 


(5.20) 


Inserting  this  proportionality  into  Equation  5.18  results  in  a  relation  for  the  hysteretic 
energy  consumption  as  a  function  of  the  number  of  valve  heads  employed  and  the  imposed 
valve  cap  stroke  for  the  case  of  multiple  valve  heads  versus  the  case  of  just  a  single  valve  head, 

Why$,Nvh  1  ZVc, stroke  /c  «-f\ 

ti t  ^  AT  7  *  V  ’  / 

Whys  Nvh  ^vc^stroke^Nvh 

Therefore,  the  potential  exists  to  reduce  significantly  the  hysteretic  energy  consumption 
in  the  active  valve  by  incorporating  multiple  valve  heads  above  the  hydraulic  amplification 
chamber  rather  than  a  single  valve  head.  For  example,  by  letting  Nvh  =  10  and  requiring  that 
each  of  the  ten  valve  heads  move  through  one-half  the  stroke  of  a  single  valve  head  design,  the 
hysteretic  energy  consumption  of  the  10-valve  design  will  be  20%  of  that  of  the  single  valve 
design.  The  updated  systematic  design  code  detailed  in  the  following  section,  includes  this 
ability  to  compare  and  contrast  valve  designs  with  varying  NVh  and  different  imposed  valve  cap 
strokes  ZVC)strofce-  An  additional  benefit  of  incorporating  multiple  valve  heads  (that  each  move  a 
smaller  stroke  than  a  single  large  valve  head)  is  that  it  becomes  easier  to  structurally  design  the 
valve  membranes  (in  that  small  valve  membrane  thicknesses  are  achievable)  to  support  these 
valve  caps  within  the  required  stress  limitations.  This  will  be  illustrated  in  Section  5.6. 
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5.6  Results  of  Systematic  Design  Procedure 


This  section  presents  results  of  the  full  systematic  active  valve  design  procedure  for  the  example 
valve  requirements  defined  in  Section  5.3.2.  As  detailed  in  previous  sections,  this  quasi-static 
procedure  will  now  incorporate  the  three  design  freedoms  that  were  not  included  in  the  basic 
design  procedure  detailed  in  Section  5.3,  namely  the  ability  to  design  a  valve  structure  for 
multiple  valve  heads  (Nvh  >  1),  with  varying  valve  cap  strokes,  and  for  differing  valve  membrane 
thicknesses.  Specifically,  the  results  presented  in  this  section  focus  on  a  variety  of  chosen 
number  of  valve  heads  (Nvh  =  1,2,3, 5),  imposed  valve  cap  strokes  between  Zvc>,troke  =  8pm 
and  ZVCiStroke  =  40pm,  and  available  valve  membrane  thicknesses  from  tvm  =  7pm  and  upward 
in  increments  of  1pm.  The  results  clearly  demonstrate  the  potential  benefits  of  multiple  valve 
head  geometries  for  reducing  total  valve  power  consumption. 

Figure  5.20  plots  the  calculated  valve  cap  radius,  valve  membrane  thickness  and  radius,  and 
drive  element  piston  diameter  for  the  variety  of  Nvh  and  ZVCtStroke  values  under  question.  Note 
that  in  Figure  5.20(b),  for  Nvh  >  2,  valve  membranes  with  tvm  =  7pm  are  achievable  for  all  the 
imposed  ZVC3i roke  values.  As  more  valve  heads  are  allowed  in  parallel,  each  valve  membrane  gets 
smaller  in  size,  resulting  in  reduced  “bowing”  of  the  membrane  under  the  pressure  loadings. 
This  is  the  identical  phenomenon  to  that  discussed  in  Section  5.4.2.  Also,  notice  in  Figure 
5.20(c)  that  as  more  valve  heads  are  employed  in  the  design,  smaller  drive  piston  dimensions 
are  achieved,  due  to  the  fact  that  less  swept  volume  is  required  by  the  valve  membranes  during 
actuation. 

Figure  5.21  plots  the  calculated  effective  piezoelectric  material  diameter  and  the  maximum 
compressive  stress  on  the  piezoelectric  material  during  a  full  valve  actuation  cycle.  Notice  in 
Figure  5.21(a)  that  the  required  piezoelectric  material  diameter  is  generally  increasing  with 
increasing  Nvk.  This  is  due  to  the  fact  that  the  PiiAc(t)  actuation  requirements  are  increased 
because  of  the  increased  stiffness  of  the  valve  membranes.  It  is  important  also  to  monitor  the 
compressive  stress  seen  by  the  piezoelectric  material  to  ensure  that  it  is  below  the  compressive 
depolarization  limits. 

Figure  5.22  plots  the  estimated  hysteretic  power  consumption,  material  and  circuitry  power 
loss,  and  total  valve  power  consumption.  As  seen  in  Figure  5.22(a),  the  hysteretic  power 
consumption  can  be  significantly  reduced  by  incorporating  multiple  valve  heads  working  with 
moderate  valve  strokes.  In  addition,  as  shown  in  Figure  5.22(b)  material  and  circuitry  losses  can 
also  be  reduced,  since  total  energy  flowing  through  the  piezoelectric  material  is  lessened.  Finally, 
Figure  5.22(c)  plots  the  combined  power  consumption  for  the  various  active  valve  designs.  As 
indicated  in  this  plot,  the  valve  design  that  results  in  the  minimum  power  consumption  uses 
ten  valve  heads  Nvh  =  5,  each  traveling  through  a  stroke  of  ZVCt3troke  =  22pm.  These  results 
demonstrate  the  capabilities  of  this  systematic  active  valve  design  procedure  in  evaluating  single 
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and  multiple  valve  head  designs  under  loading  conditions  put  forth  by  a  typical  MHT  system. 


(a)  Valve  Cap  Radius 


(b)  Valve  Membrane  Radius  and  Thickness 


(c)  Drive  Piston  Diameter 


Figure  5.20:  Multiple  valve  head  comparison  Plot  1 


5.7  Correlation  With  Dynamic  Simulation 


The  systematic  design  procedure  presented  in  this  chapter  has  been  based  on  quasi-static  struc¬ 
tural  behavior.  In  reality,  dynamic  effects  within  the  active  valve  may  result  in  performance 
of  the  valve  that  differs  from  quasi-static  behavior.  This  section  will  take  one  of  the  active 
valve  geometries  formulated  using  the  systematic  design  procedure  in  Section  5.6  and  perform 
a  full-scale  dynamic  simulation  of  this  structure.  The  results  will  indicate  that,  indeed,  the  de¬ 
sign  formulated  through  the  quasi-static  procedure  performs  very  close  to  expectations,  thereby 
validating  the  use  of  the  quasi-static  procedure  as  a  powerful  tool  for  designing  a n  active  valve 
structure  within  a  full  hydraulic  system. 

The  valve  structure  that  was  chosen  for  simulation  is  that  corresponding  to  N„h  =  1  and 
Zstroke  =  40 pro.  Revisiting  Figures  5.20,  5.21,  and  5.22  in  Section  5.6,  the  valve  geometry  is  as 
follows:  Rye  =  241  pm,  tvm  =  7pm,  =  757pm,  Rpis  =  3.59mm,  and  Rp  =  0.88mm.  The 
peak-peak  voltage  applied  to  the  piezoelectric  material  is  1000V  at  a  frequency  of  /  =  10 kHz. 
Referring  to  Figures  5.8(b),  5.9,  and  5.11,  this  active  valve  geometry  is  able  to  quasi-statically 
achieve  the  performance  requirements  set  by  the  external  hydraulic  system,  namely  a  pressure 
fluctuation  in  the  harvesting  chamber  (with  KEhc  =  1.5e16£f)  from  0.2MPa  to  l.OMPa,  given 
reservoir  pressures  of  Phpr  =  1.2 MPa  and  PLPR  =  0. 

In  order  to  evaluate  this  active  valve  geometry  in  a  full  dynamic  simulation,  a  complete 
simulation  architecture  is  implemented  that  includes  the  active  valve  simulation  (presented  in 
Chapter  4)  and  the  external  hydraulic  system  relations  detailed  in  Section  5.2.  Figure  5.23 
shows  this  full  simulation  architecture.  The  additional  external  hydraulic  system  architecture 
(including  the  effects  of  the  fluid  orifice  pressure-flow  relations,  the  valve  channel  inertia,  and  the 
chamber  stiffness)  is  coupled  to  this  active  valve  system  to  simulate  full  filling  and  evacuation. 
In  order  to  create  full  system  pumping  behavior,  a  chamber  with  both  an  inlet  and  outlet 
active  valve  is  included  in  the  simulation.  In  addition,  critical  valve  variables,  such  as  avm(t), 
Zvc{t),  and  PHAc(t )  are  monitored.  In  this  simulation,  a  positive  valve  stop  at  a  location  of 
Zvc  =  20 pm  is  implemented.  The  results  of  this  simulation  for  two  different  values  of  valve  cap 
damping  are  shown  in  Figure  5.24.  For  further  details  on  full  MHT  system  simulations,  refer 
to  [8]. 
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Figure  5.24:  Full  system  simulations:  (a)  solid  line  represents  case  in  which  (pis  =  0.7,  £vc  =  0.6, 
(b)  dashed  line  represents  case  in  which  (pis  =  0.7,  C„c  =  0.3.  Note  that  in  these  cases,  the 
valve  cap  does  not  hit  the  stop.  In  these  plots,  Vp  is  the  applied  piezoelectric  voltage,  Zvc(t)  is 
the  position  of  the  valve  cap,  Phac(1)  is  the  hydraulic  amplification  chamber  pressure,  avm(t) 
is  the  maximum  valve  membrane  stress,  Qin(t)  is  the  flow  rate  through  the  valve,  and  PEHc(t) 
is  the  external  chamber  pressure. 
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Due  to  dynamic  effects  in  the  active  valve  system,  an  applied  peak-peak  voltage  of  only  650V 
(compared  to  the  quasi-static  value  of  1000V)  is  required  to  actuate  the  valve  and  to  produce 
the  proper  filling  behavior  of  the  harvesting  chamber.  Notice  that  the  valve  cap  Zvc(t),  HAC 
pressure  PHAc(t ),  inlet  flow  rate  Qin(t),  and  resulting  harvesting  chamber  pressure  PEHc(t) 
time  histories  all  correlate  very  closely  to  those  predicted  by  the  systematic  quasi-static  design 
procedure.  One  interesting  note  is  that  the  valve  membrane  stress  crvm  time  history  differs 
slightly  from  the  quasi-static  prediction  in  the  region  when  the  valve  cap  is  just  beginning 
to  open.  Rather  than  immediately  decreasing,  as  is  predicted  in  the  quasi-static  procedure, 
avm  actually  begins  to  increase  to  a  peak  value  of  1.15GPa  (for  £ vc  =  0.6)  and  to  a  peak 
value  of  1.0 5GPa  (for  (vc  =  0.3)  just  after  opening.  This  phenomenon  is  due  to  the  dynamic 
effects  on  the  valve  membrane.  Essentially,  the  Phac  pressure  below  the  membrane  decreases 
substantially  before  the  valve  cap  is  able  to  move  downward  (due  to  the  cap’s  inertia  and 
the  effect  of  damping),  resulting  in  an  enhanced  membrane  curvature  at  RyC  and  therefore  an 
increase  in  avm. 

These  important  observations  on  the  membrane  stress  can  be  fed  back  to  the  quasi-static 
design  procedure.  Using  a  smaller  value  of  limiting  stress  aumiu  a  slightly  modified  valve 
geometry  can  be  generated  so  that  dynamic  membrane  stresses  do  not  exceed  the  desired  bound. 
Overall,  the  dynamic  performance  of  the  active  valve  geometry  formulated  using  the  systematic 
quasi-static  design  procedure  detailed  in  this  chapter  matches  fairly  well  to  desired  requirements. 
This  design  procedure,  therefore,  can  be  very  useful  in  developing  valve  geometries  for  use  in 
full  hydraulic  systems. 

5.8  Conclusions 

This  chapter  has  introduced  the  physical  equations  governing  the  fluid  flow  behavior  within  a 
generic  MHT  system,  external  to  the  valve  cap  and  membrane  structure  of  the  active  valve. 
With  these  relations,  a  comprehensive  and  systematic  quasi-static  design  procedure  has  been 
presented  that  enables  a  designer  to  formulate  an  active  valve  geometry  for  use  within  an  MHT 
system  to  satisfy  certain  pressure-flow  requirements.  This  procedure  formulates  designs  and 
evaluates  valve  power  consumption  for  geometries  with  one  or  more  valve  heads  acting  in  parallel 
above  the  hydraulic  amplification  chamber  and  for  differing  valve  cap  strokes.  Additionally, 
valve  membrane  structures  are  designed  to  guarantee  peak  stress  levels  below  a  critical  value 
during  complete  valve  time  histories.  Active  valve  geometries  produced  by  this  design  procedure 
have  been  analyzed  using  full  dynamic  system  simulations,  and  results  indicate  that  dynamic 
effects  do  not  significantly  affect  the  ability  to  meet  the  performance  requirements.  Overall, 
this  design  procedure  enables  the  generation  of  active  valve  geometries  for  a  potentially  wide 
variety  of  hydraulic  systems. 


145 


Bibliography 


[1]  N.W.  Hagood,  D.C.  Roberts,  L.  Saggere,  K.S.  Breuer,  K-S.  Chen,  J.A.  Carretero,  H.Q. 
Li,  R.  Mlcak,  S.  Pulitzer,  M.A.  Schmidt,  S.M.  Spearing,  and  Y-H.  Su,  “Micro  Hydraulic 
Transducer  Technology  for  Actuation  and  Power  Generation”,  Proceedings  of  SPIE,  Vol. 
3985  (2000),  Newport  Beach,  CA,  March  5-9,  2000,  pp.680-688. 

[2]  J.  Carretero  and  K.S.  Breuer,  “Measurement  and  Modeling  of  the  Flow  Characteristics  of 
Micro  Disk  Valves,”  Proceedings  of  the  1994  International  Mechanical  Engineering  Con¬ 
ference  and  Exposition:  Microfluidics  Symposium,  Orlando,  FL,  Nov.  2000. 

[3]  E.  Schrenk,  “Disc  valves,  flow  patterns,  resistance  and  loading,”  BHRA  T,  1957  (547). 
Translation  from  German. 

[4]  A.  Lichtarowicz,  “Flow  and  Force  Characteristics  of  Flapper  Valves,”  Third  International 
Symposium  on  Fluid  Power,  Turin,  1973,  pp.  Bl-1. 

[5]  D.N.  Johnston,  K.A.  Edge,  and  N.D.  Vaughan,  “Experimental  investigation  of  flow  and 
force  characteristics  of  hydraulic  poppet  and  disc  valves,”  Proceedings  of  the  Institution 
of  Mechanical  Engineers,  Part  A:  Power  &  Process  Engineering,  1991  Vol  205,  No  3,  pp. 
161-171. 

[6]  S.M.  Spearing  and  K.S.  Chen,  “Micro-gas  turbine  engine  materials  and  structures,”  Ce¬ 
ramic  Engineering  &  Science  Proceedings  v.l8n  4B,  p.  11-18,  1997. 

[7]  K.T.  Turner,  An  Evaluation  of  Critical  Issues  for  Microhydraulic  Transducers:  Silicon 
Wafer  Bonding,  Strength  of  Silicon  on  Insulator  Membranes  and  Gold-Tin  Solder  Bonding, 
Massachusetts  Institute  of  Technology,  Master’s  Thesis,  2001. 

[8]  O.  Yaglioglu.  Master’s  Thesis,  Massachusetts  Institute  of  Technology,  2002. 


146 


Chapter  6 


Device  Fabrication  and  Preparation 
for  Testing 


6.1  Introduction 

The  proposed  piezoelectrically-driven  hydraulic-amplification  microvalve  is  fabricated  using  a 
combination  of  microscale  (silicon  patterning  and  etching)  and  macroscale  (piezoelectric  mate¬ 
rial  integration)  procedures.  As  detailed  in  previous  chapters  of  this  thesis,  the  valve  consists 
of  multiple  layers  of  silicon  and  glass  (Pyrex  7740)  with  integrated  piezoelectric  elements,  all 
bonded  together  to  form  the  important  structural  features  of  the  device.  These  features  are  the 
tethered-piston  piezoelectric  drive  element,  the  enclosed  hydraulic  amplification  chamber,  the 
valve  membrane  and  orifice  structure,  and  the  fluid  channels  to  and  from  the  valve.  A  cross- 
section  of  a  full  MHT  system,  with  embedded  multi-layered  active  valve  structure,  is  shown  in 
Figure  6.1.  Successful  fabrication  and  assembly  of  a  complete  MHT  system  involves  overcoming 
the  identical  challenges  associated  with  realizing  a  working  active  valve  device,  since  the  valve 
structure  and  full  MHT  system  span  the  same  layers.  As  a  result,  the  fabrication  and  assembly 
processes  presented  in  this  chapter  are  not  unique  to  the  active  valve,  but  rather  provide  a 
platform  of  procedures  that  can  be  implemented  to  create  a  wide  variety  of  micro-hydraulic 
systems.  For  the  purposes  of  this  thesis,  however,  only  the  geometry  of  the  active  valve  is 
referred  to  in  the  fabrication  and  assembly  discussions. 

Layers  1,  3,  6,  and  9  of  the  active  valve  structure  (shown  in  Figure  6.1)  are  each  borosilicate 
glass  (Pyrex  7740),  the  features  of  which  are  formed  through  wafer-level  ultrasonic  machining. 
Layers  2  and  8  are  formed  from  standard  silicon  wafers  and  are  etched  using  deep-reactive  ion 
etching  procedures.  Layers  4,  5,  and  7  are  created  from  silicon-on-insulator  (SOI)  wafers.  The 
drive  element  tethers  supporting  the  piston  structure  in  Layers  4  and  5  and  the  valve  membrane 
and  cap  structure  in  Layer  7  are  produced  using  deep-reactive  etching,  with  the  buried  oxide 
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Figure  6.1:  Cross-section  schematic  of  a  nine-layer  multiple  wafer  MHT  system  with  two  em¬ 
bedded  active  valve  structures.  Realization  of  this  active  valve  requires  robust  bonding  of 
silicon-to-silicon  and  silicon-to-glass  at  the  wafer-level  and  integration  and  bonding  of  piezo¬ 
electric  material  elements  with  silicon  at  the  die-level,  as  will  be  discussed  later  in  this  chapter. 


acting  as  an  etch  stop  for  precise  control  of  tether  and  membrane  thicknesses.  Three  primary 
bonding  mechanisms  are  used  to  realize  a  complete  valve  device:  silicon-silicon  fusion  bonding, 
silicon-glass  anodic  bonding,  and  silicon-piezoelectric  material  eutectic  bonding. 

This  chapter  first  details  the  critical  challenges  associated  with  the  fabrication  and  assembly 
of  this  multi-layer  active  valve  device,  namely  (1)  etching  of  the  high-aspect  ratio  features  in 
silicon-on-insulator  wafers  to  form  the  tethered  drive  element  piston  and  valve  membrane  struc¬ 
tures,  (2)  wafer-level  silicon-silicon  fusion  bonding  and  wafer-level  silicon-glass  anodic  bonding, 
(3)  preparation,  integration,  and  bonding  of  the  bulk  piezoelectric  material  elements  within 
the  drive  element  structure,  (4)  die-level  assembly  of  multiple  silicon  and  glass  layers,  and  (5) 
fluid  filling  and  sealing  of  the  hydraulic  amplification  chamber.  Having  laid  out  the  details  of 
these  fabrication  issues  and  the  procedures  used  to  overcome  these  obstacles,  the  chapter  then 
presents  a  systematic  fabrication  and  testing  plan  of  important  active  valve  sub-components,  as 
a  means  to  prove  out  the  fabrication  challenges.  Details  of  each  of  the  sub-component  studies 
leading  up  to  the  full  active  valve  are  then  documented  in  subsequent  chapters  of  this  thesis. 


6.2  Fabrication  Challenges  and  Procedures 

This  section  attempts  to  follow  the  fabrication  and  assembly  process  in  order  of  the  steps 
and  challenges  involved.  The  first  two  challenges  focus  on  the  activities  relating  to  wafer-level 
processing:  etching  of  the  drive  element  tether  and  valve  membrane  structures  and  silicon- 
silicon  and  silicon-glass  wafer  bonding  procedures.  The  second  two  challenges  are  concerned 
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with  die-level  processing:  preparation  and  integration  of  the  piezoelectric  elements  within  the 
device  and  the  process  flow  associated  with  the  die-level  silicon-glass  anodic  bonding.  The  final 
challenge  focuses  on  filling  and  sealing  of  fluid  in  the  device  once  the  active  valve  device  has 
been  successfully  fabricated  and  assembled  at  the  die-level. 

6.2.1  Etching  of  Tethered  Drive  Element  and  Valve  Membranes 

The  drive  element  tethers  and  valve  membranes  within  the  active  valve  device  are  designed 
to  be  quite  thin  (on  the  order  of  7  —  10 fim).  To  achieve  precise  dimensional  control  of  these 
features,  SOI  wafers  containing  a  buried  oxide  layer  a  preset  distance  from  one  side  of  the 
wafer  are  used.  In  performing  deep  etches  into  the  silicon  wafer  down  to  the  buried  oxide  layer, 
it  is  critical  that  the  surface  roughness  of  the  etch  and  the  tailoring  of  fillet  radii  profiles  at 
the  base  of  the  etched  profiles  be  well-controlled  so  as  to  maintain  strength  and  robustness 
of  the  thin-membrane  structures.  Figure  6.2  illustrates  etch  profiles  at  the  SOI  interface  of  a 
typical  drive  element  piston  that  can  result,  depending  on  the  process  chosen  and  care  given 
to  performing  the  etch.  Ideally,  one  would  like  to  create  a  fillet  radius  between  the  thin  tether 
and  the  much  thicker  (~400  fxm)  central  piston  structure  to  minimize  stress  concentrations,  as 
shown  in  Figure  6.2(c).  It  is  essential  to  avoid  etch  profiles  such  as  the  sharp  corner  shown  in 
Figure  6.2(b)  and  the  “footing”  or  “notching”  profile  shown  in  Figure  6.2(d).  These  serve  to 
magnify  stresses  at  these  interface  regions,  thereby  compromising  the  overall  strength  of  the 
structure. 
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Figure  6.2:  Etching  of  a  typical  drive  element  piston  structure:  (a)  cross-section  view  of  drive 
piston,  (b)  sharp  corner  etch  features,  (c)  fillet  radius  features,  and  (d)  “notching”  or  “footing” 
features. 

Considerable  research  work  has  been  done  in  developing  and  optimizing  deep  etching  pro¬ 
cesses  for  single- crystal  silicon  materials  [1]  [2].  The  Deep-Reactive  Ion  Etching  (DRIE)  process 
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used  to  create  the  structures  and  devices  in  this  thesis  is  known  as  the  Bosch  Process  [1],  This 
method  involves  repetitive  cycles  of  plasma  etching  and  passivation  to  create  high  aspect  ratio 
deep  trenches  in  silicon.  Using  photoresist  as  a  masking  agent,  a  timed  plasma  etch  using  SF6 
is  carried  out.  FoUowing  this  timed  etch,  a  passivating  film  using  C4Fg  is  deposited  over  all 
exposed  surfaces  of  the  wafer,  including  the  etched  trench  bottom  and  sidewalls.  During  the 
next  timed  plasma  etch,  this  passivating  film  is  preferentially  removed  from  the  bottom  of  the 
trenches  through  ion  bombardment,  while  the  film  on  the  sidewalls  remains  intact.  This  cyclic 
process  is  repeated  until  the  buried-oxide  etch  stop  layer  is  reached.  At  this  juncture,  carefully 
monitoring  of  the  etch  process  is  performed  to  ensure  that  fillet  radii  of  a  desired  size  (based 
on  modeling  specifications)  are  created.  Figure  6.3  shows  views  of  a  successfully  etched  drive 
element  piston  structure  with  properly  tailored  fillet  radii. 


Figure  6.3:  SEM  images  of  an  etched  drive  element  piston:  (a)  cross-section  view  of  SOI  piston 
structure,  (b)  close-up  of  etched  trench,  and  (c)  further  close-up  of  fillet  radius  feature.  In  this 
structure,  a  20  -  25 /im  fillet  radius  was  achieved.  Debris  in  background  was  generated  during 
die-saw  procedures. 


This  final  “fillet  tailoring”  step  is  tedious  and  difficult  because  once  the  silicon  has  been 
etched  away  such  that  portions  of  the  oxide  sure  visible,  very  little  time  is  required  for  lateral 
etching  of  the  remaining  silicon  above  the  oxide  layer  to  be  completely  etched  away,  resulting 
in  potential  “footing”  profiles  at  the  interface.  The  rapid  lateral  etching  has  been  studied  and 
investigated  by  numerous  individuals,  and  it  is  believed  to  result  from  plasma  charging  effects 
at  the  silicon/oxide  interface  [3]  [4]  [5].  Consistently  controlling  these  fillet  profiles  is  extremely 
hard  to  achieve,  as  etch  parameters  such  as  etch  time,  passivation  time,  SF&  flow  rate,  electrode 
power  during  etching,  electrode  power  during  passivation,  and  C4FS  flow  rate  must  be  tuned 
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and  optimized.  The  details  of  these  DRIE  process  parameters  are  beyond  the  scope  of  this 
thesis.  The  purpose  of  this  section,  rather,  has  been  to  present  the  significant  challenges  and 
obstacles  faced  in  the  etching  of  thin-membrane  structures  with  desired  fillet  radii  profiles.  A 
designer  may  specify  a  particular  fillet  size,  but  the  cleanroom  process  of  achieving  that  profile 
is  often  a  time-consuming  one. 


6.2.2  Wafer-Level  Bonding 


For  the  multi-layer  active  valve  structure  presented  in  this  thesis,  various  silicon-silicon  and 
silicon-glass  wafer-level  bonds  are  performed.  A  silicon-silicon  wafer-level  fusion  bonding  process 
is  used  to  bond  Layers  4  and  5  together  to  form  Stack  4-5  and  Layers  7  and  8  together  to  form 
Stack  7-8.  A  silicon-glass  wafer-level  anodic  bonding  process  is  used  to  bond  Layers  1  and  2 
together  to  form  Stack  1-2,  Stack  4-5  and  Layer  6  together  to  form  Stack  4-5-6,  and  Stack 
7-8  and  Layer  9  together  to  form  Stack  7-8-9.  Following  these  wafer-level  bonding  steps,  the 
stacks  are  die-sawed  into  individual  dies  and  cleaned  in  preparation  for  die-level  bonding  and 
piezoelectric  material  integration.  Further  discussion  of  why  certain  bond  steps  are  performed 
at  the  wafer-level  and  others  at  the  die-level  is  covered  in  Section  6.2.4.  Figure  6.4  illustrates 
the  various  wafer-level  silicon-silicon  and  silicon-glass  bonding  steps. 
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Figure  6.4:  Wafer-level  silicon-silicon  fusion  and  silicon-glass  anodic  bonding  steps  are  carried 
out  prior  to  piezoelectric  material  integration. 


The  silicon-silicon  fusion  bonding  process  used  to  create  wafer-level  stacks  for  the  active 
valve  device  is  a  well  developed  process  and  consists  of  three  primary  steps  [6]:  (1)  preparation 
and  treatment  of  the  silicon  wafer  surface  to  produce  a  hydrophilic  surface,  (2)  alignment  and 
adhesion  of  two  wafers  together  (weak  van  der  Waals  or  hydrogen  bonds  maintain  wafer- wafer 
adhesion)  in  a  clean  room-temperature  environment,  either  in  air,  inert  atmosphere,  or  vacuum 
,  and  (3)  high  temperature  annealing  of  the  wafer  stack  at  1000°C  to  promote  strong  covalent 
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bonding.  The  strength  of  this  fusion  bond  is  dependent  on  the  annealing  temperature  and  time 
[2],  Paramount  in  the  bonding  process  is  the  cleanliness  of  the  silicon  wafers  prior  to  bonding 
and  of  the  alignment  and  bonding  apparatus  itself.  Particulate  matter  present  between  the 
silicon  wafers  during  adhesion  can  result  in  significant  defect  regions  characterized  by  little  or 
no  bonding. 

The  silicon-glass  anodic  bonding  process  used  to  create  wafer-level  stacks  also  is  a  well- 
developed  process.  This  process  involves  three  primary  steps:  (1)  preparation  and  cleaning  of 
the  silicon  and  glass  surfaces  using  a  piranha  soak  and  an  oxygen  ashing  step,  (2)  alignment 
and  clamping  of  the  two  wafers  together,  and  (3)  application  of  a  voltage  (1000V)  across  the 
wafer  interface  at  elevated  temperature  (300°).  The  negative  electrode  is  applied  to  glass 
wafer  surface  not  being  bonded  with  the  silicon  wafer  held  at  ground  potential.  As  for  the 
fusion  bonding  process,  cleanliness  of  the  wafers  and  the  bonding  apparatus  is  paramount  for 
achieving  high-quality  and  low-defect  wafer-level  bonds. 

6.2.3  Integration  of  Bulk  Piezoelectric  Elements 

Integration  of  the  piezoelectric  elements  within  the  device  constitutes  a  critical  task  in  the 
assembly  of  the  active  valve  device.  This  section  discusses  the  important  issues  related  to 
preparing  and  tolerancing  of  the  piezoelectric  material  elements  with  respect  to  other  features 
in  the  device.  Details  of  the  actual  die-level  assembly  procedure  will  be  provided  in  Section 
6.2.4. 

The  top  and  bottom  surfaces  of  the  piezoelectric  elements  axe  covered  with  a  thin-film  gold- 
tin  (Au-Sn)  eutectic  alloy  for  bonding  to  the  adjoining  silicon  layers  at  an  elevated  temperature. 
In  order  to  achieve  good  bonding  over  the  complete  interface  area,  the  piezoelectric  material 
must  possess  smooth  top  and  bottom  surfaces.  A  rough  surface  of  the  piezoelectric  material 
(and  therefore  of  the  metallized  layer),  would  result  in  only  pinpoint  contacts  between  the 
piezoelectric  material  and  the  silicon  and  therefore  a  weak  bond.  Prior  to  bonding,  sizing  of 
the  piezoelectric  elements  with  respect  to  the  surrounding  Layer  3  glass  and  etching  of  seats 
in  the  Layer  2  silicon  to  compensate  for  thickness  mismatch  between  the  piezoelectric  material 
and  glass  is  critical  for  ensuring  a  deflection  of  the  drive  element  piston  below  levels  of  fracture 
stress  in  the  tethers.  Each  of  these  piezoelectric  material  integration  issues  is  covered  in  detail 
in  the  following  sub-sections. 

Piezoelectric  Material  Preparation 

Virgin  piezoelectric  materials  are  obtained  from  vendors  in  the  form  of  thin  plates,  each  with  a 
thickness  of  ~  1.1mm  and  diameter  between  1  cm  and  5  cm.  As  received,  these  plates  possess 
a  surface  roughness  as  large  as  5/tm.  In  order  to  achieve  adequate  eutectic  bonding  dining 
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device  assembly,  a  surface  roughness  near  0.5 //m  is  required  prior  to  metallization.  To  achieve 
this,  the  piezoelectric  material  plates  are  polished  using  coarse  and  fine  grain  diamond  slurry 
polishing  procedures.  Figure  6.5  displays  typical  profilometer  scans  before  and  after  material 
polishing  for  the  two  primary  types  of  piezoelectric  materials  used  in  the  valve,  PZT-5H  and 
PZN-PT. 
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Figure  6.5:  Profilometer  surface  roughness  scans  of  PZT-5H  and  PZN-PT  piezoelectric  material 
plates  before  and  after  polishing  steps:  (a)  unpolished  PZT-5H  material,  (b)  polished  PZT-5H 
material,  (c)  unpolished  PZN-PT  material,  (d)  polished  PZN-PT  material.  Note  that  thin  deep 
trenches  are  not  counted  within  the  roughness  estimate.  However,  thin  tall  “mountains”  must 
be  accounted  for  since  these  would  serve  to  separate  an  adjoining  layer  of  material. 


During  polishing,  each  plate  is  sized  to  yield  a  thickness  of  1mm  ±  10 fim  with  thickness 
variation  across  the  plate  of  ~  2/zm.  Prior  to  metallization,  the  material  plates  are  solvent 
cleaned  with  a  series  of  acetone,  methanol,  and  isopropanol  steps.  Additionally,  a  further 
cleaning  soak  in  a  20:1  water:nitric  acid  solution  is  carried  out  for  1  minute  to  remove  particulate 
matter.  At  this  point,  the  piezoelectric  material  plates  are  ready  for  metallization. 
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AuSn  Eutectic  Bonding 


To  bond  mechanically  and  to  connect  electrically  the  piezoelectric  material  cylinders  to  the 
adjoining  silicon  layers  in  the  active  valve  device,  a  reliable  bonding  mechanism  must  be  em¬ 
ployed.  This  bonding  mechanism  must  allow  for  tight  dimensional  control  over  the  bond  layer 
thickness  and  allow  for  a  bonding  temperature  and  environment  that  is  compatible  with  the 
rest  of  the  die-level  assembly  process.  Numerous  bonding  methods  that  could  potentially  work 
in  this  device,  ranging  from  polyimides  and  epoxies  to  brazing  and  soldering  to  gold-based 
eutectic  alloys,  have  been  presented  in  the  literature.  A  detailed  discussion  of  these  research 
efforts,  with  application  toward  the  development  of  MHT  technology,  is  found  in  [2],  The  re¬ 
sulting  conclusion  of  initial  work  by  Mlcak  [8]  and  the  subsequent  work  by  Turner  [2]  was  to 
employ  a  thin-film  AuSn  eutectic  alloy  (composition:  80  wt.  %  Au  and  20  wt.  %  Sn)  as  the 
bonding  mechanism  within  MHT  devices  in  general,  and  specifically  within  the  active  valve 
device  presented  in  this  thesis. 

A  four  layer  film  structure  on  the  piezoelectric  material  and  a  three  layer  film  structure  on 
each  of  the  adjoining  silicon  layers  is  deposited  in  preparation  for  bonding,  as  shown  in  Figure 
6.6.  The  four  layer  structure  on  the  piezoelectric  material  consists  of  50  nm  Ti,  250  nm  Pt, 
4000  nm  AuSn,  and  50  nm  Au.  The  Ti  serves  as  an  adhesion  layer,  the  Pt  as  a  diffusion  barrier, 
and  the  final  Au  as  a  capping  layer  to  prevent  oxidation  of  Sn  in  the  AuSn  alloy.  The  AuSn 
layer,  chosen  to  be  thick  enough  (4  pm)  to  compensate  for  the  piezoelectric  material  surface 
roughness  (~  0.5pm),  is  sputtered  from  an  alloy  target  with  80  wt.  %  Au  and  20  wt.  %  Sn 
composition.  Sputtering  is  chosen  over  evaporation  because  sputtering  allows  the  stoichiometry 
of  the  target  to  be  maintained  in  the  deposited  film  [9].  The  three  layer  Ti-Pt-Au  structure  on 
each  of  the  adjoining  silicon  pieces  enables  the  eutectic  alloy  to  wet  the  silicon  and  is  deposited 
on  the  die-level  using  e-beam  evaporation  procedures. 


50  nmTi 
250  nm  Pt 
50  nm  Au 

50  nm  Au 
4000  nm  AuSn 
250  nm  Pt 
50  nmTi 


Figure  6.6:  Eutectic  alloy  deposition  on  the  piezoelectric  material  and  adjoining  silicon  layers. 
The  piezoelectric  material  contains  a  4  layer  film  structure  and  each  of  the  silicon  layers  contains 
a  3  layer  film  structure. 
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Dicing/Core-Drilling  of  Piezoelectric  Elements 


Following  deposition  of  the  eutectic  alloy,  the  metallized  piezoelectric  material  plates  are  core- 
drilled  or  diced  to  produce  either  cylindrical  or  square  piezoelectric  elements.  As  detailed  in 
subsequent  chapters  of  this  thesis,  devices  integrating  both  cylindrical  and  square  elements  have 
been  successfully  fabricated  and  tested.  The  advantage  of  using  square  piezoelectric  elements 
over  cylindrical  ones  is  that  the  process  of  dicing  a  piezoelectric  material  plate  in  a  grid  pattern 
results  in  the  production  of  2-3  times  the  number  of  elements  than  can  be  produced  from 
core-drilling  from  a  identical  size  plate.  By  sheer  numbers  and  by  the  fact  that  closely  located 
elements  will  possess  almost  identical  thicknesses  (relatively  insensitive  to  variations  in  thickness 
across  the  material  plates),  the  use  of  square  elements  increases  the  odds  of  being  able  to 
select  multiple  elements  of  identical  thickness  to  insert  into  drive  element  structures.  Once 
the  material  plate  has  been  either  core-drilled  or  diced,  the  resulting  piezoelectric  elements  are 
individually  measured  for  thickness  using  a  hand-held  precision  micrometer,  as  shown  in  Figure 
6.7.  By  calibrating  the  micrometer  before  each  measurement  with  a  precise  thickness  gauge 
block  (1mm  ±  0.01  /ira)  and  averaging  repeated  series  of  measurements  of  the  same  elements, 
these  thickness  measurements  are  estimated  to  be  accurate  within  ~  0.5 fim.  The  elements  are 
then  organized  and  sorted  according  to  the  thickness. 


(a)  (b) 


Figure  6.7:  Precision  micrometer  used  for  thickness  measurement  of  the  piezoelectric  elements 
and  Layer  3  glass  dies  prior  to  device  assembly:  (a)  calibration  of  micrometer  with  respect  to 
a  1  mm  gauge  block,  and  (b)  measurement  of  an  individual  piezoelectric  element. 


Etching  of  Piezoelectric  Element  Seats 

One  of  the  critical  issues  during  integration  of  the  piezoelectric  material  elements  is  guaranteeing 
an  upward  deflection  of  the  drive  element  piston  large  enough  to  ensure  a  preload  on  the  eutectic 
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alloy  interface  during  bonding,  yet  small  enough  to  ensure  stresses  in  the  piston  tethers  below 
the  critical  value  of  1  GPa.  Typically,  in  the  drive  element  structures  designed,  fabricated,  and 
tested  in  this  thesis,  the  piston  tethers  will  reach  a  tensile  stress  of  1  GPa  for  displacements 
near  ~  9 pm.  Therefore,  at  any  time  during  the  bonding,  poling,  and  operation  of  a  device, 
it  is  desired  to  maintain  piston  displacements  no  greater  than  a  safe  value  of  ~  6/im.  In 
terms  of  preload  on  the  eutectic  interface,  it  is  desired  to  ensure  a  “piston  push-up”  of  ~  2pm. 
These  requirements  therefore  dictate  that  at  the  instant  of  eutectic  bonding,  the  piezoelectric 
element(s)  beneath  the  drive  element  piston  must  be  forcing  the  piston  upward  by  ~  2pm  and 
that  for  all  time  after  that  the  piston  must  not  be  forced  to  displacements  greater  than  ~  6/im. 
Considering  that  this  4pm.  range  is  0.4%  of  the  total  piezoelectric  element  thickness,  this  task 
represents  quite  a  challenge. 

In  preparation  for  piezoelectric  element  integration,  the  Layer  3  glass  wafer  is  diced  into 
individual  dies,  and  each  of  these  dies  is  measured  using  the  hand-held  micrometer.  As  received 
from  the  vendor,  each  of  the  ultrasonically-machined  Layer  3  glass  wafers  possesses  a  thickness 
between  967  pm  and  974  pm,  with  thickness  variation  across  a  given  wafer  less  than  lpm.  At 
the  time  of  integration,  since  the  piezoelectric  elements  (with  deposited  eutectic  alloy  films) 
have  thicknesses  near  1000  pm  and  the  Layer  3  glass  dies  have  thickness  near  970  /jra,  it  is 
necessary  to  have  the  capability  to  remove  this  thickness  difference  of  ~  30pm.  between  the 
piezoelectric  material  and  the  surrounding  glass.  Ideally,  once  integrated  into  the  device,  the 
piezoelectric  elements’  top  surfaces  should  be  slightly  above  level  with  the  Layer  3  glass  top 
surface  so  as  to  produce  predictable  upward  displacement  of  the  drive  element  piston  from  its 
equilibrium  position  (“push-up”). 
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Figure  6.8:  Compensation  of  the  piezoelectric  element  -  Layer  3  glass  thickness  mismatch  by 
plasma  etching  shallow  seats  in  the  Layer  2  bottom  silicon  die.  Precise  control  of  the  etch  depth 
is  necessary  to  achieve  the  desired  “push-up”  of  the  drive  element  piston. 

This  thickness  matching  is  achieved  by  plasma  etching  shallow  seats  for  all  of  the  piezoelec¬ 
tric  elements  in  the  Layer  2  bottom  silicon  wafer,  as  shown  in  Figure  6.8.  An  iterative  process 
of  carefully  timed  etches  followed  by  depth  measurements  using  a  scanning  profilometer  can 
result  in  etch  depth  control  to  within  ~  0.5pm.  With  this  capability  to  compensate  for  thick¬ 
ness  mismatch  between  the  piezoelectric  elements  and  the  surrounding  Layer  3  glass,  proper 
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"push- up”  of  the  drive  element  piston  can  be  achieved  during  assembly  and  bonding.  On  the 
die-level,  each  Layer  2  silicon  die  is  matched  with  a  pre-measured  ( tpiezo )  grouping  of  one  or 
three  piezoelectric  elements  (depending  on  whether  a  single  or  multiple  piezoelectric  valve  is 
being  fabricated)  and  with  a  pre-measured  {tgiaSs)  Layer  3  glass  die.  With  knowledge  of  the 
three-layer  film  thickness  tdeposition  (see  Section  6.2.3)  that  will  subsequently  be  deposited  on 
the  underside  of  the  drive  element  piston  in  Layer  4  and  on  the  top  surface  of  the  "to  be  etched” 
seats  in  Layer  2,  and  with  the  value  of  A “pUsh~-upn  desired  after  device  assembly,  the  required 
etch  depth  (AetCft)  in  Layer  2  is  determined,  according  to  6.1. 

Aetch  “  tpiezo  4"  2t deposition  ~~  tglass  ~  &“push—up”  (6-1) 

Following  etching  of  the  seats,  the  Layer  1-2  silicon  dies  are  cleaned  and  combined  with 
Stack  4-5-6  silicon  dies  for  deposition  of  the  three-layer  Ti-Pt-Au  film  structure  required  for 
eutectic  bonding.  This  deposition  is  performed  using  e-beam  evaporation  through  specially- 
machined  shadow  masks  to  allow  for  selective  coating  of  the  dies.  For  the  Stack  4-5-6  dies,  the 
underside  of  the  drive  element  piston  is  coated,  and  for  Layer  2  dies  the  inside  of  each  of  the 
etch  seats  is  coated. 

6.2.4  Die-Level  Assembly  and  Bonding 
Assembly  and  Bonding  Procedure 

Final  assembly  of  the  active  valve  device  is  performed  at  the  die-level.  As  shown  in  Figure  6.9(a), 
wafer-level  etching  and  bonding  procedures,  followed  by  dicing  of  the  stacks  into  individual  dies 
have  resulted  in  the  creation  of  a  Stack  7-8-9  die,  a  Stack  4-5-6  die,  a  Stack  1-2  die,  and  a  Layer 
3  die.  Additionally,  piezoelectric  material  preparations  have  created  individual  piezoelectric 
elements  ready  for  insertion.  It  is  desirable  to  perform  these  bonding  steps  at  the  die-level, 
rather  than  the  wafer-level,  so  as  to  allow  for  individual  measurements  of  the  Layer  3  glass 
die  thickness  and  to  enable  individual  control  of  the  seat  etching  in  Layer  2.  Additionally, 
die-level  bonding  significantly  reduces  the  risk  of  losing  an  entire  multi-layer  wafer  structure 
during  wafer-level  processing.  The  die-level  assembly  process  consists  of  four  main  steps,  as 
shown  in  Figure  6.9(b),  (c),  (d). 

1.  Die-level  anodic  bonding  of  Stack  4-5-6  to  Stack  7-8-9  at  a  temperature  of  300°C  and  an 
applied  voltage  of  1000V  across  the  Layer  6  -  Layer  7  interface.  This  bond  is  performed 
at  atmospheric  pressure.  Time  of  bond  =  20  minutes. 

2.  Die-level  anodic  bonding  of  Stack  1-2  to  Layer  3  at  a  temperature  of  300°  C  and  an 
applied  voltage  of  1000V  across  the  Layer  2  -  Layer  3  interface.  This  bond  is  performed 
at  atmospheric  pressure.  Time  of  bond  =  45  minutes. 
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Figure  6.9:  Die-level  bonding  procedure  for  active  valve  device:  (a)  beginning  dies  ready  for 
assembly,  (b)  Step  1:  anodic  bonding  of  Stack  4-5-6  to  Stack  7-8-9  ;  Step  2:  anodic  bonding  of 
Stack  1-2  to  Layer  3,  (c)  Step  3:  insertion  of  piezoelectric  element(s),  and  (d)  Step  4:  anodic 
bonding  of  Stack  1-2-3  to  Stack  4-5-6- 7-8-9. 


3.  Alignment  and  placement  of  one  or  more  piezoelectric  material  elements  within  the  Stack 
1-2-3  die. 

4.  Simultaneous  die-level  anodic  bonding  of  Stack  1-2-3  to  Stack  4-5-6-7-8-9  and  eutectic 
bonding  of  piezoelectric  element  (s)  to  Layer  2  and  Layer  4  silicon.  This  bond  is  performed 
in  a  reducing  atmosphere  of  Ar  “5%i?2  gas  at  pressure  1CT2  torr  and  temperature  300°  C. 
Additionally,  a  voltage  of  1000V  is  applied  across  the  Layer  3  -  Layer  4  interface.  Time 
of  bond  =  60  minutes. 

A  reducing  atmosphere  is  chosen  for  the  final  simultaneous  anodic/eutectic  bond  to  ensure 
no  oxidation  of  the  Sn  within  the  AuSn  alloy  and  to  acheive  a  void-free  eutectic  bond  [2]. 
Additionally,  following  this  bond,  the  device  is  cooled  under  vacuum  to  ensure  removal  of  all 
trapped  gases  within  the  bond.  Completion  of  these  four  die-level  bonding  steps  produces  an 
active  valve  structure  that  is  ready  for  filling  of  the  hydraulic  amplification  chamber. 

Assembly  Jigs 

The  die- level  anodic  bonding  discussed  above  is  performed  using  the  specially  machined  align¬ 
ment  and  bonding  jigs  shown  in  Figure  6.10.  The  lst-generation  jig,  shown  in  Figure  6.10(a), 
provides  a  large  central  contact  surface  onto  which  a  die  can  be  placed  and  the  bottom  surface 
held  at  either  positive  or  negative  voltage.  An  outer  ring  with  attached  spring  clamps  for  clamp¬ 
ing  of  one  die  onto  another  is  held  at  ground  potential.  Once  inserted  into  an  oven,  electrical 
contact  is  made  through  attached  feet  on  the  underside  of  the  jig.  Alignment,  placement,  and 
clamping  of  a  dies  and  insertion  of  piezoelectric  elements  is  facilitated  by  a  vacuum  chuck  with 
3-axis  motion  capability  and  a  range  in  each  of  these  directions  of  1  cm.  The  2nd-generation 
jig,  shown  in  Figure  6.10(b),  is  more  compact  than  the  lst-generation  jig.  It  likewise  provides 
electrical  contact  through  thin  wire  clamps,  but  additionally  allows  for  edge  alignment  of  dies 
to  a  central  area  with  ceramic  insulating  locator  pins.  Figure  6.11  illustrates  an  active  valve 
device  in  the  final  bonding  step  using  the  2nd-generation  anodic  bonding  jig. 
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Figure  6.11:  Electrical  contact  to  an  active  valve  chip  for  anodic  bonding:  (a)  side  view  of  chip 
in  jig  and  (b)  top  view  of  chip  in  jig.  Electrical  cantilever  pins  contact  various  layers  of  the 
device  for  bonding  procedures. 
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6.2.5  Fluid  Filling/Sealing  of  HAC 

Introducing  fluid  into  the  hydraulic  amplification  chamber  of  the  active  valve  is  a  critical  step  in 
preparing  the  device  for  operation.  Any  bubbles  or  trapped  residual  gas  within  the  amplification 
chamber  will  significantly  increase  its  compliance,  thereby  eliminating  efficient  coupling  between 
the  drive  element  and  valve  membrane  structure.  This  section  briefly  details  the  fluid  filling 
procedure  and  issues  associated  with  sealing. 

Procedure  for  Filling 

A  fluid-filling  apparatus  and  procedure  developed  by  Richard  Mlcak  (Boston  Microsystems,  Inc) 
and  updated  by  Lodewyk  Steyn  (MIT)  was  used  to  fill  the  active  valve  devices  developed  in 
this  thesis.  The  apparatus,  shown  in  Figure  6.12,  consists  of  a  filling  chamber,  a  fluid  reservoir 
chamber,  a  vacuum  pump,  and  a  series  of  valves  connecting  these  components  together.  A 
schematic  of  the  component  connections  is  shown  in  Figure  6.13.  A  detailed  explanation  of  the 
filling  procedure  and  issues  associated  with  the  development  of  this  procedure  can  be  found  in 
[10]  and  [11].  The  major  steps  in  the  filling  process  are  as  follows: 


Figure  6.12:  Fluid  filling  apparatus  to  fill  active  valve  devices.  System  consists  of  a  fluid  reser¬ 
voir  chamber,  a  filling  chamber,  a  vacuum  pump,  and  series  a  valves  connecting  all  components 
together. 


1.  The  assembled,  bonded,  and  poled  active  valve  device  is  inserted  into  the  filling  chamber. 
The  chamber  is  then  closed,  with  no  fluid  present  in  this  chamber.  Valve  1,  Valve  3,  and 
Valve  5  are  closed. 
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Figure  6.13:  Fluid  filling  schematic  of  component  connections. 


2.  With  the  fluid  reservoir  chamber  full  of  fluid,  Valve  4  is  closed  and  Valve  2  is  opened.  The 
vacuum  pump  is  initiated  to  outgas  the  fluid  in  the  reservoir  chamber.  After  a  period  of 
1  hour,  Valve  2  is  closed.  Valve  4  is  then  opened  to  bring  the  reservoir  pressure  back  to 
atmospheric  pressure. 

3.  Valve  3  is  opened  to  introduce  a  small  amount  of  fluid  into  the  filling  chamber  from  the 
reservoir  chamber.  Valve  3  is  then  closed.  Valve  1  is  then  opened  and  the  filling  chamber 
is  evacuated  to  approximately  1  torr.  This  evacuation  acts  to  boil  off  the  fluid  introduced 
into  the  filling  chamber.  The  hydraulic  amplification  chamber  and  other  fluidic  channels 
in  the  device  are  thereby  filled  with  silicon  oil  vapor,  which  easily  wets  the  walls  of  these 
structures.  After  10  minutes,  Valve  1  is  closed. 

4.  Valve  3  is  opened  for  a  sufficient  time  to  deliver  to  the  filling  chamber  a  volume  of  fluid 
that  submerges  the  valve  device  and  the  jig  within  which  it  rests.  Valve  3  is  then  closed. 

5.  Valve  5  is  opened  to  pressurize  the  filling  chamber  to  atmospheric  pressure.  This  step, 
which  lasts  for  approximately  1  hour,  serves  to  “push”  the  fluid  into  the  hydraulic  ampli¬ 
fication  chamber.  The  device  is  then  removed  from  the  filling  chamber  and  is  ready  for 
testing. 

During  this  filling  procedure,  the  active  valve  device  is  securely  clamped  within  a  test-jig 
apparatus.  Prior  to  removal  from  the  filling  chamber,  a  valve  located  on  the  test  jig  that  leads 
to  the  HAC  chamber  is  closed.  Once  hooked  up  to  the  experimental  testing  apparatus,  this 
valve  is  opened  to  an  external  pressure  regulator  (see  next  section). 
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Sealing  Issues 

In  order  to  maintain  a  compressive  stress  on  the  piezoelectric  elements  at  all  times  and  to 
eliminate  the  potential  for  cavitation  within  the  hydraulic  amplification  chamber  during  actu¬ 
ation,  the  fluid  within  the  chamber  is  required  to  be  held  at  a  positive  bias  pressure  (typically 
0.5-2MPa).  The  value  of  this  bias  pressure  P^as  is  determined  based  on  the  Phac  pressure 
fluctuations  expected  during  active  valve  operation  (determined  using  numerical  simulation). 
Pbias  should  be  chosen  to  ensure  that  Phac  never  passes  below  zero  during  actuation.  Sealing 
of  the  HAC  chamber  at  a  desired  bias  pressure  was  not  an  option  in  this  thesis  because  such  a 
procedure  had  not  been  developed.  Further  discussion  of  sealing  and  encapsulation  studies  for 
these  types  of  devices  can  be  found  in  [11],  For  the  purposes  of  the  active  valve  described  in 
this  thesis,  therefore,  it  was  required  to  develop  a  means  to  bias  the  Phac  after  the  fluid  filling 
operation  was  complete  and  without  completely  sealing  the  chamber. 

To  accomplish  this  objective,  a  small  cross-sectional  area  fluid  channel  was  etched  into  the 
underside  of  Layer  7  so  to  provide  a  connecting  path  between  the  hydraulic  amplification  cham¬ 
ber  and  an  external  pressure  regulator.  Figure  6.14  illustrates  this  concept.  By  incorporating 
a  high  resistance  fluid  channel  in  this  location,  static  bias  pressures  dictated  by  the  external 
regulator  can  be  imposed  on  the  chamber,  however,  high  frequency  pressure  fluctuations  created 
during  actuation  remain  confined  to  the  chamber.  In  essence,  this  channel  acts  as  a  low  pass 
filter  for  transmission  of  pressure  fluctuations  into  and  out  of  the  chamber.  The  channel  length, 
width,  and  height  were  designed  to  be  1mm,  10/im,  and  10/xra  respectively.  The  channel  was 
desired  to  be  long  and  thin  so  as  to  create  a  large  flow  resistance  during  actuation.  However, 
the  channel  width  and  height  were  designed  large  enough  so  as  to  be  able  to  initially  fill  the 
device  with  fluid  using  the  procedure  detailed  above  in  a  reasonable  amount  of  time  (on  the 
order  of  20  minutes) . 


Figure  6.14:  Schematic  of  the  high  resistance  fluid  channel  between  the  HAC  and  an  external 
bias  pressure  regulator.  This  channel  was  etched  into  the  underside  of  Layer  7. 


To  design  properly  this  high  resistance  flow  channel  for  use  in  the  active  valve  geometry 
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detailed  in  this  thesis,  a  model  was  developed  to  capture  the  inertia  and  flow  resistance  associ¬ 
ated  with  a  fluid  slug  within  the  channel  (see  Figure  6.15).  The  assumptions  in  this  model  are: 
(1)  the  fluid  slug  occupies  the  entire  length  of  the  channel,  (2)  the  fluid  slug  interacts  with  the 
volumetric  stiffness  of  the  hydraulic  amplification  chamber  (designated  as  KHac),  and  (3)  the 
fluid  slug  flow  behavior  is  governed  by  Hagen-Poiseuille  flow  relations.  The  variable  A Valug  is 
defined  as  the  volume  of  fluid  pushed  into/pulled  out  of  the  HAC  chamber  during  an  actuation 
cycle  of  the  active  valve.  The  variable  A PaiUg  is  defined  as  the  differential  pressure  seen  across 
the  fluid  slug  during  this  actuation  cycle  due  to  pressure  fluctuations  within  the  HAC  chamber. 


where  A**™*  =  y  4 

where  Msiug  =  pA^g,^ 
where  AVslug  =  Zsl ^ 


Figure  6.15:  Model  of  the  high  resistance  fluid  channel  between  the  HAC  and  an  external  bias 
pressure  regulator.  A  fluid  slug  within  the  channel  is  modeled.  This  slug  is  acted  upon  by  an 
external  stiffness  associated  with  the  HAC  chamber  stiffness.  Additionally,  the  flow  resistance 
of  this  slug  through  the  channel  is  modeled  using  laminar  Hagen-Poiseuille  flow  relations. 


Based  on  the  model  schematic  in  Figure  6.15,  a  differential  equation  for  the  slug  behavior 
can  be  written, 


&V»lug  -f  RchannelAVslug  +  RHAC^Vslug  =  A  P8iug 


(6.2) 


where  Rchannei  —  (  )  is  based  on  Hagen- Poiseulle  flow  in  a  circular  channel  [81. 

\  channel  /  L  J 

In  this  relation,  n  is  the  viscosity  of  the  fluid.  Inserting  this  flow  relation  into  Equation  6.2  and 
rearranging  in  the  frequency  domain,  a  transfer  function  relating  AVslug  to  A P,lug  is  obtained 


A 


s1  + 


( iPchanntl  ^ 
y  ^P^channel  J 


4 pLchannel  J 


(6.3) 


where  p  is  the  density  of  the  fluid  in  the  channel.  The  natural  frequency  (known  as  the 
Helmholtz  frequency)  of  this  fluid-structure  interaction  event  can  be  written  as 


f Helmholtz 


KhackD2.. 


channel 


4 pRchannel 


(6.4) 
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In  designing  the  channel  dimensions,  the  following  parameter  values  (which  correlate  with 
the  active  valve  geometry  fabricated  in  this  thesis)  were  assumed:  Lchannel  —  1  mm,  Dchannei  — 
11.3 fim,  Khac  =  1-Oel70>  P  ~  760^,  311(1  P  =  6.5e“4^.  These  values  result  in  a  frequency 
of  48Hz  for  which  AVsiug  is  1%  of  the  drive  element  volume  change.  Additionally,  a  Helmholtz 
frequency  of  f Helmholtz  =  578 Hz  results.  However,  Helmholtz  resonant  behavior  of  this  slug  is 
non-existant  due  to  the  dominant  fluid  viscous  losses  in  the  channel.  Additionally,  with  these 
channel  dimensions,  it  is  estimated  that  during  initial  fluid  filling,  the  HAC  chamber  should  fill 
in  approximately  5-10  minutes  under  atmospheric  pressurization  in  Step  5  of  the  above  fluid 
filling  procedure.  Chapter  9  includes  experimental  verification  of  the  performance  of  this  high 
fluid  resistance  channel  within  working  high  frequency  active  valve  devices. 


6.3  Sub-Component  Testing  Plan 

To  solve  and  to  overcome  the  previously  described  fabrication  challenges,  a  fabrication  and 
experimental  test  plan  was  developed.  This  plan  divides  the  full  piezoelectrically-driven  active 
valve  device  into  simpler  decoupled  sub-components  structures,  which  can  be  independently 
fabricated,  assembled,  and  tested.  The  sub-component  structures  are  the  piezoelectric  drive 
element  and  the  valve  cap  and  membrane  structure.  Figure  6.16  outlines  this  plan.  This  section 
provides  a  general  overview  of  the  sub-component  geometries  and  the  important  questions  that 
need  to  be  answered  in  each  of  the  sub-component  studies.  Subsequent  chapters  of  this  thesis 
go  on  to  provide  complete  and  detailed  experimental  validation  of  each  of  the  sub-components. 


Figure  6.16:  Sub-component  fabrication  and  testing  plan.  Realization  of  a  full  piezoelectrically- 
driven  hydraulic  amplification  microvalve  depends  on  successful  validation  of  the  piezoelectric 
drive  element  and  the  valve  cap  and  membrane  deformation  behavior.  Fluid  filling  success  is 
evaluated  with  the  full  active  valve  device. 


6.3,1  Piezoelectric  Drive  Element 

The  piezoelectric  drive  element  provides  actuation  volume  change  and  pressurization  to  the 
hydraulic  amplification  chamber  and  therefore  the  valve  cap  and  membrane  as  it  opens  and 
closes  against  a  fluid  orifice.  This  sub-component  study  proves  that  etching  of  the  high-aspect 
ratio  tethered  piston  structures  and  control  of  fillet  radii  at  the  base  of  these  etches  can  be 
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performed  in  a  repeatable  fashion.  Additionally,  wafer-level  silicon-silicon  fusion  bonding  were 
validated  to  form  Stack  4-5.  As  shown  in  Figure  6.17,  devices  were  constructed  with  single¬ 
layer  pistons  as  well  as  double-layer  pistons  for  stiffness  comparison.  Piezoelectric  material, 
both  PZT-5H  and  PZN-PT,  were  processed  to  create  individual  piezoelectric  elements  for  in¬ 
sertion  into  drive  element  structures.  Sub-component  devices  with  a  single  element  placed 
centrally  beneath  the  drive  piston  as  well  as  devices  with  three  piezoelectric  elements  spaced 
out  uniformly  beneath  the  drive  piston  were  fabricated  to  validate  enhanced  stiffening  benefits 
of  drive  element  actuators  with  multiple  piezoelectric  elements  (again  see  Figure  6.17.  The  drive 
element  sub-component  devices  were  experimentally  tested  to  evaluate  both  quasi-static  defor¬ 
mation  behavior  (frequencies  <  15  kHz)  and  dynamic  modal  behavior  (up  to  200  kHz)  under  a 
wide  range  of  applied  voltages.  Completion  of  this  sub-component  study  enables  incorporation 
of  the  drive  element  actuator  structure  within  complete  active  valve  structures. 


Displacement  Displacement 

Measurement  Measurement 


(a)  (b) 

Figure  6.17:  Drive  element  sub-component  study:  (a)  devices  with  a  single  piezoelectric  element 
centrally-located  beneath  the  piston  as  well  as  devices  with  single-layer  pistons  will  be  fabri¬ 
cated,  (b)  devices  with  three  piezoelectric  elements  positioned  beneath  the  piston  and  devices 
with  double-layer  pistons  will  also  be  fabricated. 


6.3.2  Valve  Cap  and  Membrane 

The  valve  cap  and  membrane  structure  reacts  to  differential  pressures  to  open  and  close  against 
a  fluid  orifice.  This  sub-component  study  validates  the  etching  of  the  membrane  and  control  of 
fillet  radii  at  the  oxide  etch  stop.  Valve  membrane  structures  were  tested  to  verify  non-linear 
pressure-deflection  behavior,  and  results  were  compared  to  the  non-linear  numerical  models 
presented  in  Chapter  3  of  this  thesis.  The  sub-component  structure  used  for  these  tests  is 
shown  in  Figure  ??(a).  Gas  pressure  was  introduced  into  the  amplification  chamber  to  directly 
force  the  valve  cap  and  membrane  structure  upward.  Additionally,  gas  pressure  was  introduced 
above  the  membrane  as  well  to  deform  the  structure  in  the  downward  direction.  Deflection  of 
the  valve  cap  was  measured  using  a  laser  vibrometry  system.  Completion  of  this  sub-component 
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study  provides  an  understanding  of  the  valve  membrane  stiffness  in  response  to  applied  pressures 
and  therefore  enables  subsequent  fluid  filling  and  testing  of  full  active  valve  devices. 


Displacement 


Measurement 


(a)  (b) 

Figure  6.18:  Valve  membrane  sub-component  study  and  full  active  valve  study:  (a)  valve 
cap  and  membrane  within  assembled  chamber  were  deformed  with  gas  pressure  to  determine 
structural  stiffness,  (b)  the  active  valve  device  was  fully  characterized  for  pressure-flow  behavior 
and  limitations  in  dynamic  performance.  Note  that  the  high  resistance  flow  channel  and  the 
external  fluid  flow  path  above  valve  cap  overlap  in  this  schematic.  In  reality,  these  channels  are 
offset  spatially  from  one  another. 


6,3.3  Full  Active  Valve 

Having  successfully  completed  the  two  sub-component  studies,  a  full  active  valve  device  was 
tested.  The  structure  of  this  device  is  shown  in  Figure  6.18.  Displacements  of  the  valve  cap 
in  response  to  applied  piezoelectric  voltage  were  determined.  In  addition  to  evaluating  the 
opening  and  closing  capability  of  the  valve  in  response  to  voltage,  differential  pressure  -  flow 
relations  were  established  across  the  flow  channel.  Dynamic  transfer  functions  of  the  full  valve 
device  were  obtained  and  limitations  in  device  performance  were  established. 

6.4  Testing  Apparatus 

6.4.1  Laser  Vibrometer  System 

A  laser  vibrometer  system  was  used  to  measure  the  structural  vibrations  of  the  drive  element  pis¬ 
ton  and  valve  cap  during  the  experimental  testing  of  the  full  active  valve  and  its  sub-component 
structures.  This  system  uses  a  technique  known  as  laser  doppler  vibrometry  to  detect  the  ve- 
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locity  of  a  moving  surface.  The  wave  used  for  this  purpose  is  a  laser,  typically  HeNe  or  of 
similar  wavelength.  When  this  wave  strikes  a  moving  surface  and  reflects  back,  a  frequency 
shift  is  introduced.  If  the  reflected  wave  is  compared  with  the  incident  wave,  the  frequency 
shift  results  in  a  beating  phenomenon,  where  the  beat  frequency  is  proportional  to  the  velocity 
of  the  moving  surface.  Measuring  this  beat  frequency  therefore  gives  the  velocity  of  the  surface 
being  measured. 

During  testing  of  the  active  valve  and  its  sub-components,  some  of  the  measurements  were 
taken  through  a  medium  of  air  in  contact  with  the  moving  surface  and  some  were  taken  through 
a  medium  of  silicon  oil  in  contact  with  the  moving  surface.  As  described  in  [13],  the  Doppler 
frequency  shift,  and  hence  the  beat  frequency,  is  proportional  to  the  target  velocity  and  also 
proportional  to  the  refractive  index  of  the  medium  in  contact  with  the  target.  The  silicon  oil 
used  in  the  valve  (Dow  Corning  DC200  0.65  centistoke  oil)  has  a  refractive  index  of  1.375. 
Therefore,  in  taking  measurements  using  this  laser  vibrometer  system,  any  measurement  values 
taken  with  this  oil  in  contact  with  the  moving  surface  were  divided  by  1.375  to  obtain  the 
proper  values.  All  results  incorporating  oil  in  contact  with  the  valve  cap  in  subsequent  chapters 
have  been  properly  scaled  by  this  value. 

6.4.2  Fluids  Test-Rig 

The  fluids  testing  rig  used  in  the  active  valve  and  sub-component  studies  documented  in  this 
thesis  was  designed,  built,  and  constructed  by  Lodewyk  Steyn.  Figure  6.19  illustrates  a  portion 
of  this  set-up.  The  explicit  details  of  this  test-rig  are  contained  in  [11].  In  summary,  this  set-up 
enables  the  control  of  a  wide  range  of  pressure  loadings  on  the  drive  element  piston,  within  the 
HAC  chamber,  and  on  the  valve  cap  and  membrane  upstream  and  downstream  of  the  valve 
orifice  flow  channel  for  the  active  and  sub-component  studies.  Fluid  reservoirs  contain  degassed 
silicon  oil  for  the  purposes  of  creating  fluid  flow  in  testing  the  active  valve  device.  A  series  of 
absolute  and  differential  pressure  sensors  are  located  throughout  the  set-up  to  enable  real-time 
measurements  of  the  static  and  dynamic  pressures  at  critical  locations  within  the  valve  device. 
Further  discussions  of  which  pressures  were  measured  for  which  experiments  are  included  in 
the  subsequent  experimental  chapters  of  this  thesis. 

6.5  Conclusions 

This  chapter  has  presented  the  fabrication  and  assembly  challenges  faced  in  realizing  a  working 
piezoelectrically  driven  hydraulic  amplification  microvalve.  The  wafer-level  fabrication  process, 
piezoelectric  material  preparation  and  integration  issues,  and  die-level  assembly  and  bonding 
procedures  were  discussed.  Additionally,  an  overview  of  the  active  valve  sub-component  test 
plan  was  presented.  The  details  of  these  sub-component  studies  are  covered  in  subsequent 
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Figure  6.19:  Fluids  test-rig  for  testing  of  the  active  valve  and  its  sub-components.  This  set-up 
contains  fluid  reservoirs,  static  and  dynamic  pressure  sensors,  flow  sensors,  and  absolute  and 
differential  pressure  sensors  for  evaluating  device  performance  during  testing. 


chapters. 
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Chapter  7 


Sub-Component  Study: 

Piezoelectric  Drive  Element 

7.1  Objectives 

The  purpose  of  this  sub-component  study  was  to  evaluate  the  fabrication  and  assembly  process 
flow  of  the  piezoelectric  drive  element  structure,  shown  in  Figure  7.1,  and  to  obtain  quasi-static 
and  high-frequency  experimental  data  on  completed  devices.  Specifically,  the  three  primary 
objectives  of  this  study  were: 

1.  To  determine  whether  both  single- layer  and  double- layer  piston  structures  could  be  fab¬ 
ricated  and  assembled  in  drive  element  devices.  As  compared  to  single-layer  pistons,  the 
double-layer  design  enhances  the  structural  stiffness  of  the  micro-actuator  device. 

2.  To  determine  whether  standard  polycrystalline  PZT-5H  and  higher-performing  single¬ 
crystal  PZN-PT  materials  [4]  could  be  processed  and  integrated  within  tethered-piston 
drive  element  structures.  Although  the  final  active  valve  devices  (detailed  in  Chapter  9) 
incorporated  solely  PZN-PT  material,  the  high  cost  of  this  material  forced  initial  studies 
to  work  with  less  costly  PZT-5H  material. 

3.  To  determine  whether  both  single  and  multiple  piezoelectric  elements  could  be  successfully 
integrated  beneath  the  drive  element  piston.  Multiple  elements  spread  out  beneath  the 
piston  serve  to  stiffen  the  micro-actuator  structure.  However,  tolerancing  and  bonding  of 
multiple  elements  within  the  device  is  more  challenging. 

Successful  integration  of  these  types  of  piezoelectric  materials  with  properly  etched  and 
bonded  tethered  piston  structures  demonstrates  the  potential  for  high-frequency,  high-stiffness 
actuation  within  full  active  valve  devices. 
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Figure  7.1:  3-D  schematic  of  a  piezoelectric  drive  element  device.  Three  piezoelectric  cylinders 
are  sandwiched  between  a  lower  support  silicon  layer  and  an  upper  double  silicon  layer  tethered- 
piston  structure.  Voltage  is  carried  along  the  upper  and  lower  silicon  layers. 

7.2  Device  Test-Plan 

The  overall  piezoelectric  drive  element  sub-component  study  was  divided  into  two  parts.  In 
the  first  part,  “lst-generation”  drive  element  devices  were  fabricated  and  tested.  In  the  second 
part,  “2nd-generation”  drive  element  devices,  slightly  different  in  geometry  than  the  “lst- 
generation  devices,  were  fabricated  and  tested.  Ideally,  a  consistent  geometry  would  have 
been  preferred  throughout  the  full  study.  Unfortunately,  due  to  research  program  scheduling 
and  resource  limitations,  the  use  of  different  geometries  was  unavoidable.  The  experimental 
results  of  the  two  sub-studies  combined  together,  however,  do  provide  overwhelming  evidence 
that  integration  of  piezoelectric  elements  within  micromachined  silicon  thin-tethered  piston 
structures  is  achievable.  The  overall  device  test  plan  is  illustrated  in  Figure  7.2.  The  three 
major  design  variations  contained  within  this  sub-component  study  were:  (1)  use  of  a  single¬ 
layer  silicon  drive  piston  structure  versus  use  of  a  double-layer  piston  structure,  (2)  integration 
of  PZT-5H  material  versus  integration  of  PZN-PT  material,  and  (3)  incorporation  of  a  single 
piezoelectric  element  beneath  the  piston  versus  integration  of  three  elements  spread  out  beneath 
the  piston. 

7.2.1  1st  Generation  Devices 

As  shown  in  Figure  7.2,  the  lst-generation  study  included  the  fabrication  and  testing  of  three 
unique  drive  element  devices,  all  incorporating  a  single-layer  silicon  drive  piston.  Device  1 
incorporates  a  single  PZT-5H  cylindrical  piezoelectric  element  centrally  located  beneath  the 
tethered  piston.  Device  2  incorporates  a  single  PZN-PT  cylindrical  piezoelectric  element  also 
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1st  Generation  Devices 


Figure  7.2:  Overview  of  the  drive  element  sub-component  test  plan.  Within  the  1st  generation 
study,  devices  incorporating  single  and  three  piezoelectric  cylinders  (both  PZT-5H  and  PZN- 
PT)  beneath  single-layer  drive  pistons  were  fabricated  and  tested.  Within  the  2nd  generation 
study,  devices  with  three  PZN-PT  square  piezoelectric  elements  beneath  double-layer  drive 
pistons  were  fabricated  and  tested. 


centrally  located  beneath  the  piston  structure.  Device  3  incorporates  three  PZT-5H  cylindrical 
elements  spread  out  uniformly  beneath  the  piston.  In  all  three  devices,  the  piezoelectric  cylinder 
thicknesses  are  ~  1mm,  while  the  drive  piston  has  a  thickness  of  390 //m  and  the  tether  has 
a  thickness  of  9^m.  Figures  7.3(a)  and  (b)  illustrate  the  top-view  layout  and  dimensions 
of  these  single-cylinder  and  three-cylinder  lst-generation  drive  element  devices,  respectively. 
Experimental  comparison  of  Device  2  with  Device  1  demonstrates  the  benefits  and  drawbacks 
of  incorporating  the  higher-strain  capability,  yet  lower  stiffness  PZN-PT  material  versus  PZT- 
5H  material.  Experimental  comparison  of  Device  3  with  Device  1  demonstrates  the  enhanced 
stiffening  effects  of  incorporating  multiple  piezoelectric  elements  rather  than  a  single  centrally- 
located  one  within  the  drive  element  structure.  Additionally,  this  comparison  uncovers  any 
potential  difficulties  involved  in  obtaining  adequate  eutectic  bonding  between  all  three  cylinders 
and  the  adjacent  silicon  surfaces. 
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1st  Generation  Devices 


Dimensions: 

Rtether =  3.10  mm 
Rpiston  =  2.85  mm 

Tether  width  =  Rt0ther-Rpiston  =  250  urn 
Rep  =  1 .75  mm 

Cylindrical  Piezoelectric  Elements 
Diameter  =  1  mm 


2nd  Generation  Device 


Dimensions: 

^tether  =  3.613  mm 
Rpiston  =  3.363  mm 

Tether  width  =  Rte,her Rpiston  =  250  urn 
Rep  =  2.25  mm 

Square  Piezoelectric  Elements 
1.33  mm  x  1.33  mm 


Figure  7.3:  Drive  element  geometries  and  piezoelectric  material  layout  for  1st  and  2nd- 
generation  devices:  (a)  lst-generation  device  with  a  single  piezoelectric  cylinder,  (b)  1st- 
generation  device  with  three  piezoelectric  cylinders,  and  (c)  2nd-generation  device  with  three 
piezoelectric  square  elements. 


7.2.2  2nd  Generation  Device 

As  shown  in  Figure  7.2,  the  2nd-generation  study  focused  on  the  integration  of  three  PZN-PT 
material  elements  beneath  a  double-layer  drive  element  piston  structure.  This  double-layer 
structure,  as  contained  in  the  final  design  of  the  microvalve  presented  in  Chapter  9,  is  critical 
for  reducing  compliance  effects  within  the  active  valve  during  piezoelectric  actuation.  As  for 
the  lst-generation  devices,  the  piezoelectric  element  thicknesses  are  ~  1mm.  Since  the  piston 
is  comprised  of  two  layers,  its  total  thickness  is  780 fim  with  each  tether  having  a  thickness  of 
Sum.  Figure  7.3(c)  illustrates  the  top-view  layout  and  dimensions  of  this  2nd-generation  drive 
element  device,  Device  4.  In  order  to  maximize  use  of  PZN-PT  material,  square  elements  rather 
than  cylindrical  elements  were  incorporated  in  this  structure  (significantly  more  piezoelectric 
elements  can  be  created  by  dicing  a  given  size  plate  into  squares  rather  than  core-drilling 
cylinders  from  this  plate).  Successful  fabrication  and  experimental  evaluation  of  this  final  drive 
element  device  proves  that  such  a  micro-actuator  structure  can  be  implemented  in  the  full  active 
valve. 
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7.3  Device  Assembly 


As  shown  in  Figure  7.4,  the  drive  element  structures  consist  of  five  primary  layers,  two  of 
which  are  silicon  and  three  of  which  are  glass.  The  bottom  silicon  layer  contains  etched  seats 
for  thickness  compensation  of  the  piezoelectric  elements  with  respect  to  the  surrounding  glass 
and  also  contains  gold  pads  for  electrical  contact.  The  top  silicon  layer  contains  the  etched 
tethered-piston  structure.  For  lst-generation  devices,  this  layer  is  formed  from  a  single  silicon 
wafer,  whereas  for  2nd-generation  devices,  this  layer  is  formed  through  wafer-level  bonding  of 
two  etched  silicon  wafers.  The  top  and  bottom  glass  layers  provide  support  for  clamping  during 
device  testing. 


Figure  7.4:  Exploded  view  of  a  lst-generation  piezoelectric  drive  element  structure.  One  or 
more  piezoelectric  cylinders  are  arranged  within  a  circular  glass  chamber,  supported  beneath 
by  a  silicon  layer  with  etched  seats  and  bonded  above  to  a  micromachined  piston. 

As  shown  in  Figure  7.5  and  detailed  in  Chapter  6,  a  series  of  wafer-level/die-level  anodic 
bonding  steps  and  a  final  simultaneous  anodic-eutectic  bonding  step  were  carried  out  to  com¬ 
plete  each  of  the  drive  element  devices.  Following  this  assembly,  wires  were  soldered  to  the 
contact  pads  on  the  top  and  bottom  silicon  layers  to  provide  electrical  contact  to  the  piezoelec¬ 
tric  material.  Poling  of  the  device  was  performed  by  heating  the  device  to  approximately  half 
the  piezoelectric  material  Curie  temperature  {Tcurie  =  190 °C  for  PZT-5H  and  Tcurie  =  150°C 
for  PZN-PT)  and  applying  a  voltage  of  1000V.  Photographs  of  a  lst-generation  drive  element 
device  prior  to  and  following  electrical  lead  attachment  are  shown  in  Figure  7.6(a)  and  (b) 
respectively.  Photographs  of  a  2nd-generation  drive  element  are  shown  in  Figure  7.7. 
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Figure  7.5:  Assembly  of  a  piezoelectric  drive  element  device.  Die-level  anodic  bonding  proce¬ 
dures  at  T=300°  and  1000V  were  carried  out  to  bond  five  layers  together.  The  final  anodic 
bonding  step  also  serves  to  melt  the  eutectic  alloy,  forming  the  bond  between  the  piezoelectric 
cylinders  and  the  top  and  bottom  silicon  layers. 
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Figure  7.6:  Photographs  of  an  assembled  lst-generation  piezoelectric  drive  element  device:  (a) 
a  packaged  device  ready  for  attachment  of  electrical  wires,  prior  to  device  poling,  (b)  a  device 
ready  for  experimental  testing.  The  critical  device  dimensions  are  10mm  x  10mm  x  2mm.  Thick 
glass  packaging  layers  were  used  for  clamping  purposes  during  testing. 
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Ports/Holes 


(b) 


Figure  7.7:  Photograph  of  an  assembled  2nd-generation  piezoelectric  drive  element  device:  thick 
glass  packaging  layers  were  used  for  clamping  purposes  during  testing. 


7.4  Testing  Procedure 


The  process  of  experimentally  testing  a  given  drive  element  device  consisted  of  three  major 
steps.  The  first  step  involved  careful  microscopic  inspection  of  the  device  to  evaluate  the 
fillet  radius  profile  along  the  etched  drive  element  tether.  For  lst-generation  devices,  where 
single-layer  pistons  were  used,  measurements  were  taken  following  device  assembly.  However, 
for  2nd-generation  devices,  where  a  bonded  double-layer  piston  prevented  viewing  of  the  piston 
etch,  measurements  were  taken  on  each  of  the  drive  element  tethers  prior  to  wafer-level  bonding. 
Knowledge  of  the  fillet  radius  sizes  was  important  for  later  evaluation  of  device  performance. 

The  second  step  involved  characterization  of  stand-alone  piezoelectric  material  elements  that 
came  from  the  same  batch  (plate)  of  material  that  yielded  the  elements  that  were  integrated 
within  the  device.  This  was  a  critical  procedure  so  that  comparison  of  drive  element  device 
voltage-deflection  behavior  could  be  compared  to  that  of  representative  piezoelectric  material 
elements. 

The  third  step  involved  rigorous  experimental  testing  of  the  device.  Each  device  was  rigidly 
clamped  to  a  test-jig  surface  and  experimentally  evaluated  using  a  scanning  laser  vibrometer 
system.  As  shown  in  Figure  7.8,  scan  points  were  defined  over  the  top  surface  of  the  tethered 
piston  and  along  the  circumferential  boundary  supporting  the  piston.  Three  measurement 
procedures  were  used  to  characterize  device  performance.  In  the  first  procedure,  a  low-voltage 
(0V±25V)  sweep  signal  was  applied  to  each  device  over  a  frequency  range  of  10kHz  to  200kHz  to 
determine  the  onset  of  dynamic  modal  characteristics.  A  transfer  function  of  velocity  (averaged 
over  all  scan  points)  versus  frequency  was  recorded.  Close-up  frequency  sweeps  around  dominant 
modal  frequencies  were  then  carried  out  to  obtain  high-resolution  mode  shape  behavior.  In  the 
second  procedure,  a  sinusoidal  voltage  of  500V±500V  was  applied  to  each  device  at  selected 
frequencies  of  15kHz  and  7kHz  to  evaluate  device  behavior  below  the  modal  frequencies.  At 
each  of  these  low-frequencies,  displacement  time  histories  at  the  piston  center  and  at  an  outer 
edge  of  the  piston  were  recorded.  In  the  third  procedure,  voltage-deflection  curves  (of  the  piston 
center)  for  varying  levels  of  applied  voltage  were  obtained  at  a  frequency  of  100Hz  to  determine 
the  true  quasi-static  voltage  dependent  performance  of  the  device. 


7.5  Experimental  Results 

7.5.1  1st  Generation  Devices 
Measurement  of  Fillet  Radius  Profiles 

Following  assembly  of  each  lst-generation  drive  element  device,  careful  inspection  of  the  drive 
element  piston  tether  was  performed  to  characterize  the  uniformity  of  the  fillet  radii  along  the 
tether  circumference.  As  shown  in  Figure  7.9(a),  measurements  were  taken  at  eight  equally 
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Top  Surface  of  Piston 


Figure  7.8:  A  scanning  laser  vibrometer  system  was  used  to  characterize  modal  and  quasi-static 
performance  of  each  device.  Measurement  points  are  defined  on  the  top  surface  of  the  piston. 


spaced  locations  along  the  circumference.  The  first  measurement  point  is  located  at  12  o’clock 
and  numbering  proceeds  in  the  clockwise  direction.  The  measurement  terminology  is  illustrated 
in  Figure  7.9(b).  Using  a  microscope  eyepiece  with  calibrated  graduations,  the  tether  width  from 
the  base  of  one  fillet  radius  to  the  base  of  the  opposite  fillet  radius  was  recorded.  Additionally, 
the  total  trench  width  was  measured.  From  these  measurements,  an  average  value  for  the  fillet 
radius  on  each  side  of  the  trench  was  determined.  Figure  7.9(c),  (d),  and  (e)  present  the  tether 
width  and  fillet  radius  measurements  as  a  function  of  location  along  the  tether  circumference 
for  Devices  1,  2,  and  3,  respectively.  For  Device  1,  the  tether  width  varies  between  138 fim  and 
163 fim  in  a  single  sinusoidal  cycle  along  the  circumference  (ie:  the  fillet  radii  vary  from  43 fim  to 
56  fim).  Likewise,  the  tether  width  of  Device  2  also  varies  sinusodially,  but  with  slightly  larger 
variation,  between  165 fim  and  200 fim.  For  these  two  devices,  due  to  this  tether  variation,  the 
overall  piston/tether  stiffness  is  non-uniform  around  the  circumference.  For  Device  3,  tether 
width  variation  is  also  observed,  however,  in  a  more  random  fashion  between  178 fim  and  195 fim. 

Characterization  of  Piezoelectric  Material 

In  order  provide  a  basis  for  voltage-deflection  comparison  when  testing  completed  drive  element 
devices,  representative  PZT-5H  and  PZN-PT  material  cylinders  were  individually  characterized 
(sufficiently  long  after  poling,  four  days,  to  ensure  adequate  relaxation  of  the  material).  Figure 
7.10  plots  the  results  for  three  cylinders  of  each  material  at  10Hz  for  a  driving  voltage  of 
500F  ±  500U.  A  very  low  frequency  was  chosen  to  guarantee  true  quasi-static  behavior.  The 
three  PZT-5H  cylinders  exhibited  peak  deflections  at  lOOOU  between  0.75 fim  and  0.82 fim.  The 
three  PZN-PT  cylinders  exhibited  peak  deflections  at  1000 V  between  1.35 fim  and  1.55 fim. 
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Figure  7.9:  Inspection  of  tether  width  and  fillet  radii  on  Device  1,  2,  and  3  tethered  pistons: 
(a)  definition  of  measurement  locations  around  trench  circumference,  (b)  average  fR  =  |  (total 
trench  width  -  measured  tether  width),  (c)  Device  1  measurements,  (d)  Device  2  measurements, 
and  (e)  Device  3  measurements. 


Finite-element  models  of  drive  element  devices  have  indicated  that  the  stiffness  of  the  tether 
is  insignificant  compared  to  that  of  the  piezoelectric  materials,  and  therefore  it  does  little  to 
restrict  the  free-strain  deflection  of  the  piezoelectric  material.  As  a  result,  these  stand-alone 
piezoelectric  element  results  provide  an  accurate  expectation  for  quasi-static  drive  element 
device  voltage-deflection  performance. 
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(a)  PZT-5H  Cylinders:  Displacement  vs.  Voltage  at  10Hz 


(b)  PZN-PT  Cylinders:  Displacement  vs.  Voltage  at  10Hz 


Voltage  (V) 

Figure  7.10:  Piezoelectric  material  characterization  on  representative  stand-alone  PZT-5H  and 
PZN-PT  cylinders:  (a)  voltage-deflection  responses  at  10Hz  for  three  different  PZT-5H  cylinders 
for  V  =  500F  ±  SOOV*  (these  cylinders  were  taken  from  the  identical  PZT-5H  material  plate 
that  yielded  the  cylinders  used  in  Devices  1  and  3),  (b)  voltage-deflection  responses  at  10Hz  for 
three  different  PZN-PT  cylinders  for  V  =  500F  ±  500F  (these  cylinders  were  taken  from  the 
identical  PZN-PT  material  plate  that  yielded  the  cylinder  used  in  Device  2). 
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Experimental  Testing  of  Device  1 

Figure  7.11(a)  plots  the  transfer  function  of  averaged  velocity  over  the  scanned  piston  surface 
versus  frequency  for  Device  1.  Figure  7.11(b)  plots  these  transfer  functions  for  specific  locations 
on  the  piston  surface,  at  the  center  and  at  an  outer  edge.  Figure  7.12(a)  presents  experimental 
mode  shapes  of  the  device  at  selected  modal  frequencies.  The  device  experiences  a  “1  —  ©” 
tilt  mode  at  /  =  31  kHz,  followed  by  a  “plunge”  mode  at  /  =  80 kHz,  and  a  “2  -  ©”  mode  at 
/  =  131  kHz.  As  shown  in  Figure  7.12,  these  modal  frequencies  correlate  well  with  finite-element 
models  of  the  device.  The  frequency  difference  in  the  “1-©”  mode  between  finite-element  model 
and  experiment  could  be  attributed  to  imperfect  placement  of  the  cylinder  beneath  the  piston 
or  non-uniform  fillet  radii  around  the  piston  tether.  In  looking  at  Figure  7.11(b),  notice  that 
the  velocity  amplitudes  are  significantly  more  pronounced  at  the  piston  edge  compared  to  the 
piston  center.  This  is  especially  true  for  the  “1  -  ©”  tilt  mode  and  the  “plunge”  mode. 

Figure  7.13  illustrates  the  displacement  profile  of  the  device  at  15kHz  with  an  applied 
sinusoidal  voltage  of  500V±500V.  Slight  tilting  of  the  piston  surface  is  observed,  and  is  again 
likely  influenced  by  imperfect  piezoelectric  cylinder  placement  or  non-uniformity  in  fillet  radius 
etching.  Figure  7.14  displays  the  corresponding  displacement  profiles  at  the  piston  center  and 
piston  edge.  Higher-order  dynamic  oscillations  of  /  =  80 kHz  are  observed  within  the  lower 
15 kHz  drive  frequency.  These  higher-order  oscillations  are  more  pronounced  at  the  piston 
edge  than  at  the  piston  center,  which  could  be  attributed  to  non-linearities  inherent  in  the 
piezoelectric  material  or  in  the  tether  structure.  The  overall  measured  peak-peak  deflection 
at  the  piston  center,  6P-P  =  0.69 /<m,  is  slightly  lower  than  the  expected  range  of  Sp-p  ~ 
0.75  -  0.82/jtti.  Most  likely,  this  is  a  result  of  material  inconsistency  among  the  piezoelectric 
cylinders. 

Figure  7.15  displays  the  displacement  profiles  at  the  piston  center  and  piston  edge  at  a 
driving  frequency  of  7kHz.  Higher-order  dynamic  oscillations  of  /  —  80 kHz  are  again  observed 
in  the  piston  edge  displacement  signal,  but  with  a  lower  magnitude.  As  for  the  piston  center 
response  at  15kHz,  the  overall  measured  peak-peak  deflection  at  the  piston  center  at  7kHz, 
Sp-p  -  0.70 /im,  is  slightly  lower  than  the  expected  range  of  Sp-p  =  0.75  -  0.82 Ipm.  Figure 
7.16  plots  the  voltage-deflection  curves  for  the  piston  center  at  100Hz  as  a  function  of  varying 
applied  voltage  levels,  from  100V  ±  100V  to  500V  ±  500V.  Hysteresis  in  the  PZT-5H  material 
is  clearly  evident  from  the  wide  sweeping  shapes  of  the  curves.  Overall,  however,  the  peak 
displacement  is  close  to  linear  with  applied  voltage. 
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Figure  7.11:  Device  1  transfer  functions  of  piston  velocity  versus  frequency  for  a  sweep  input 
from  10kHz  to  200kHz  and  small  signal  drive  voltage  0V±25V:  (a)  averaged  velocity  over 
piston  surface,  and  (b)  velocity  at  center  and  edge  locations  on  piston  surface.  Modal  behavior 
is  present  at  31kHz,  80kHz,  and  131kHz.  Phase  information  was  not  recorded  for  this  device. 
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Figure  7.12:  Device  1  modal  behavior:  (a)  vibrometer  scans  of  device:  “1  -  ©”  tilt  mode  at 
/  =  31  kHz,  “plunge”  mode  at  /  =  80 kHz,  and  “2  -  ©”  mode  at  /  =  131  kHz,  (b)  comparison 
to  results  from  the  ANSYS  finite-element  model. 
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Figure  7.13:  Vibrometer  scan  images  of  Device  1  low-frequency  15kHz  displacement  profile.  The 
tilting  of  the  piston  surface  is  likely  due  to  an  uncentered  piezoelectric  cylinder  or  a  non-uniform 
fillet  radius  in  etched  piston  trench. 


(a)  (b) 


Figure  7.14:  Device  1  displacement  time  histories  for  a  sinusoidal  drive  voltage  of  500V±500V 
at  /  =  15 kHz:  (a)  piston  center  displacement  and  (b)  piston  edge  displacement.  Note  the 
presence  of  80kHz  oscillations  in  the  edge  displacement  time  history. 


(a)  (b) 


Figure  7.15:  Device  1  displacement  time  histories  for  a  sinusoidal  drive  voltage  of  500Vdb500V 
at  /  =  7kHz:  (a)  piston  center  displacement  and  (b)  piston  edge  displacement. 


Device  1:  Displacement  vs.  Voltage  at  100Hz 


Figure  7.16:  Device  1  piston  center  displacement  behavior  versus  applied  voltage  at  100Hz. 
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Experimental  Testing  of  Device  2 

Figure  7.17(a)  plots  the  transfer  function  of  averaged  velocity  over  the  scanned  piston  surface 
versus  frequency  for  Device  2.  Figure  7.17(b)  plots  these  transfer  functions  for  specific  locations 
on  the  piston  surface,  at  the  center  and  at  an  outer  edge.  Figure  7.18(a)  presents  experimental 
mode  shapes  of  the  device  at  selected  modal  frequencies.  In  comparing  this  dynamic  response 
to  that  of  Device  1,  the  overall  modal  shapes  are  similar,  however,  the  frequencies  at  which  they 
occur  are  shifted  downward.  The  “1  -  ©”  tilt  mode  occurs  at  /  =  30 kHz,  the  “plunge”  mode 
at  /  —  61  kHz,  and  the  “2  —  0”  mode  at  /  =  112 kHz.  This  frequency  shift  is  expected  since 
PZN-PT  is  a  softer  material  than  PZT-5H.  As  shown  in  Figure  7.18(b),  these  modal  frequencies 
correlate  well  with  finite-element  models  of  the  device.  In  looking  at  Figure  7.17(b),  notice  that 
the  velocity  amplitudes  are  significantly  more  pronounced  at  the  piston  edge  compared  to  the 
piston  center.  This  is  especially  true  for  the  “1  —  ©”  tilt  mode  and  the  “plunge”  mode. 

The  displacement  profile  of  Device  2  at  15kHz  with  an  applied  sinusoidal  voltage  of  500V±500V 
exhibits  a  non-uniform  tilt  (see  Figure  7.19)  in  much  the  same  manner  as  Device  1.  The  dis¬ 
placement  time  history  at  the  piston  edge  exhibits  components  of  the  device  “plunge”  mode 
(see  Figure  7.20).  However,  in  comparison  with  Device  1  the  magnitude  of  the  piston  center 
displacement  in  Device  2  is  significantly  increased  to  6p_p  =  1.42pm.  This  value  correlates  well 
with  the  expected  peak-peak  displacement  range  of  5P-P  =  1.35  -  1.55pm. 

Figure  7.21  displays  the  displacement  profiles  at  the  piston  center  and  piston  edge  at  a 
driving  frequency  of  7kHz.  Dynamic  oscillations  of  f  =  61  kHz  are  again  observed  in  the 
piston  edge  displacement  signal,  and  this  signal  has  a  decreased  overall  amplitude  from  the 
15kHz  response.  As  for  the  piston  center  response  at  15kHz,  the  overall  measured  peak-peak 
deflection  of  the  piston  center  at  7kHz,  6P-P  =  1.39pm,  correlates  well  to  the  expected  range 
of  <Sp_p  =  1.35  -  1.55pm.  Figure  7.22  plots  the  voltage-deflection  curves  for  the  piston  center 
at  100Hz  as  a  function  of  varying  applied  voltage  levels,  from  1007  ±  1007  to  5007  ±  5007. 
Comparing  these  curves  to  those  of  Device  1,  it  is  clear  that  the  PZN-PT  material  exhibits 
significantly  reduced  hysteretic  behavior  than  the  PZT-5H  material.  Additionally,  the  peak 
displacement  is  seen  to  be  linear  with  applied  voltage. 
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Figure  7.17:  Device  2  transfer  functions  of  piston  velocity  versus  frequency  for  a  sweep  input 
from  10kHz  to  200kHz  and  small  signal  drive  voltage  0V=b25V:  (a)  averaged  velocity  over 
piston  surface,  and  (b)  velocity  at  center  and  edge  locations  on  piston  surface.  Modal  behavior 
is  present  at  30kHz,  61kHz,  and  112kHz.  Phase  information  was  not  recorded  for  this  device. 
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Figure  7.18:  Device  2  modal  behavior:  (a)  vibrometer  scan  images  of  device  behavior:  “1-0 
tilt  mode  at  /  =  30 kHz,  “plunge”  mode  at  /  =  61  kHz,  and  “2  -  0”  mode  at  /  =  112 kHi 
(b)  comparison  to  results  from  the  ANSYS  finite-element  model. 
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Figure  7.19:  Vibrometer  scan  images  of  Device  2  low-frequency  15kHz  displacement  profile.  The 
tilting  of  the  piston  surface  is  likely  due  to  an  uncentered  piezoelectric  cylinder  or  non-uniform 
fillet  radius  in  etch  piston  trench. 
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Figure  7.20:  Device  2  displacement  time  histories  for  a  sinusoidal  drive  voltage  of  500V±500V 
at  /  —  IbkHz:  (a)  piston  center  displacement  and  (b)  piston  edge  displacement.  Note  the 
presence  of  61kHz  oscillations  in  the  edge  displacement  time  history. 
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Figure  7.21:  Device  2  displacement  time  histories  for  a  sinusoidal  drive  voltage  of  500V±500V 
at  /  =  7 kHz:  (a)  piston  center  displacement  and  (b)  piston  edge  displacement. 


Device  2:  Displacement  vs.  Voltage  at  100Hz 


Figure  7.22:  Device  2  piston  center  displacement  versus  applied  voltage  at  100Hz. 
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Experimental  Testing  of  Device  3 


Figure  7.23(a)  plots  the  transfer  function  of  averaged  velocity  over  the  scanned  piston  surface 
versus  frequency  for  Device  3.  Figure  7.23(b)  plots  these  transfer  functions  for  specific  locations 
on  the  piston  surface,  at  the  center  and  at  an  outer  edge.  In  comparing  this  dynamic  response 
to  that  of  Device  1,  modal  behavior  is  not  observed  until  frequencies  near  /  =  80 kHz.  The 
placement  of  multiple  cylinders  beneath  the  piston  eliminates  tilting  behavior  at  frequencies  in 
the  30kHz  to  80kHz  range.  As  shown  in  Figure  7.24,  initial  modal  behavior  is  characterized  by 
non-symmetric  motion  of  the  piston  surface,  most  likely  due  to  unsymmetric  placement  of  the 
piezoelectric  elements  beneath  the  piston,  differences  in  material  properties  among  the  elements, 
or  a  non-uniform  fillet  radius  profile  along  the  tether  circumference.  A  perfectly  symmetric 
finite-element  model  of  this  device  predicts  1st  modal  behavior  at  225kHz  (see  Figure  7.25). 

For  low-frequency  actuation,  the  multiple  piezoelectric  cylinder  stiffening  effect  is  observed 
in  Figure  7.26  as  the  displacement  profile  at  15kHz  experiences  minimal  tilting  during  actuation. 
In  addition,  as  shown  in  Figure  7.27,  the  displacement  time  histories  at  the  piston  center 
and  piston  edge  are  relatively  free  from  higher  order  oscillations.  A  small  contribution  with 
frequency  /  ~  90 kHz  is  evident  in  the  piston  edge  displacement  time  history.  As  for  Device  1, 
the  magnitude  of  the  piston  center  displacement  in  Device  3,  <Sp_p  =  0.72 /zm,  is  slightly  lower 
than  the  expected  range  of  <5p_p  =  0.75  -  0.82 /xm. 

Figure  7.28  displays  the  displacement  profiles  at  the  piston  center  and  piston  edge  at  a 
driving  frequency  of  7kHz.  Again,  almost  perfect  displacement  behavior  free  from  higher-order 
oscillations  is  observed.  The  overall  measured  peak-peak  deflection  at  the  piston  center  at 
7kHz,  <5p_p  =  0.76 frni,  is  within  the  expected  range  of  <$p_p  =  0.75  -  0.82/im.  As  was  the  case 
for  Device  1,  the  deflection  behavior  under  quasi-static  driving  conditions  (see  Figure  7.29)  is 
linear  with  the  applied  voltage.  Overall,  these  results  indicate  that  the  incorporation  of  multiple 
piezoelectric  cylinders  spread  out  beneath  the  tethered  piston  is  achievable. 
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Figure  7.23:  Device  3  transfer  functions  of  piston  velocity  versus  frequency  for  a  sweep  input 
from  10kHz  to  200kHz  and  small  signal  drive  voltage  0V±25V:  (a)  averaged  velocity  over  piston 
surface,  and  (b)  velocity  at  center  and  edge  locations  on  piston  surface.  Modal  behavior  is  not 
present  below  80kHz.  Phase  information  was  not  recorded  for  this  device. 
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Figure  7.24:  Vibrometer  scan  images  of  selected  Device  3  modal  behavior  above  70kHz:  behavior 
at  73kHz  and  89kHz. 


Figure  7.25:  Device  3  ANSYS  finite-element  model  prediction  for  1st  mode  shape  at  225  kHz. 


Figure  7.26:  Vibrometer  scan  images  of  Device  3  low-frequency  15kHz  displacement  profile. 
Presence  of  multiple  piezoelectric  cylinders  beneath  piston  serves  to  stiffen  actuator  structure 
and  reduce  tilting  behavior. 
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Figure  7.27:  Device  3  displacement  time  histories  for  a  sinusoidal  drive  voltage  of  500V±500V 
at  /  =  15 kHz:  (a)  piston  center  displacement  and  (b)  piston  edge  displacement.  Note  the 
slight  presence  of  a  90kHz  oscillation  in  the  edge  displacement  time  history. 


Time  (ms)  Time  (ms) 

Figure  7.28:  Device  3  displacement  time  histories  for  a  sinusoidal  drive  voltage  of  500V±500V 
at  /  —  7 kHz:  (a)  piston  center  displacement  and  (b)  piston  edge  displacement. 


Device  3:  Displacement  vs.  Voltage  at  100Hz 
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Figure  7.29:  Device  3  piston  center  displacement  versus  applied  voltage  at  100Hz. 
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7.5.2  2nd  Generation  Device 
Measurement  of  Fillet  Radius  Profiles 

As  was  performed  for  the  lst-generation  drive  element  devices,  careful  inspection  of  the  drive 
element  tethers  in  Device  4  was  also  carried  out.  Since  this  device  incorporates  a  double-layer 
piston  structure,  these  inspections  were  performed  prior  to  wafer-level  Si-Si  fusion  bonding  of 
the  piston  structure.  For  the  lower  piston  tethers  and  upper  piston  tethers,  fillet  radii  between 
25-35  /im  (ie:  tether  widths  between  180-200  pm)  were  measured  with  no  observable  defects 
along  the  tethers,  indicating  excellent  uniformity  during  the  previous  DRIE  etching  procedures. 

Characterization  of  Piezoelectric  Material 

PZN-PT  material  similar  to  that  in  the  lst-generation  drive  element  devices  was  used  in  Device 
4.  As  a  result,  the  PZN-PT  material  squares  were  expected  to  produce  voltage-deflection 
behavior  in  the  same  range  as  shown  in  Figure  7.10  (ie:  peak  deflections  at  1000P  between 
1.35pm  and  1.55pm). 

Experimental  Testing  of  Device  4 

Figure  7.30(a)  plots  the  transfer  function  of  averaged  velocity  over  the  scanned  piston  surface 
versus  frequency  for  Device  4.  Figure  7.30(b)  plots  these  transfer  functions  for  specific  locations 
on  the  piston  surface,  at  the  center  and  at  an  outer  edge.  As  shown  in  Figure  7.31,  modal 
behavior  begins  near  50kHz  and  is  characterized  by  non-symmetric  tilting  motion  of  the  piston 
surface,  most  likely  due  to  unsymmetric  placement  of  the  piezoelectric  elements  beneath  the 
piston  or  differences  in  material  properties  among  the  elements.  A  perfectly  symmetric  finite- 
element  model  of  this  device  predicts  1st  modal  behavior  (piston  plunge)  at  155kHz  and  2nd 
modal  behavior  (1-©  piston  tilting)  at  288kHz. 

For  low-frequency  actuation  at  15kHz  and  at  a  voltage  of  1000V  peak-peak,  the  drive  ele¬ 
ment  piston  experiences  minimal  tilting  (as  shown  in  Figure  7.32),  indicating  a  well-built  and 
toleranced  drive  element  device.  The  degree  of  piston  tilting  is  illustrated  more  clearly  in  Figure 
7.33.  The  displacement  time  history  at  the  piston  center  (Figure  7.33(a))  is  very  smooth  with 
no  higher  order  oscillations.  Likewise,  the  displacement  time  histories  at  the  piston  edge  loca¬ 
tions  with  maximum  peak-peak  motions  (Figure  7.33(b))  are  also  completely  free  from  higher 
order  oscillations.  In  comparing  the  peak-peak  deflections  of  these  opposite  piston  edges,  the 
magnitude  of  tilt  is  estimated  to  be  ~  4%  of  the  piston  center  deflection.  The  piston  center 
displacement  (<5p-p  =  1.41pm)  correlates  well  with  the  expected  range  of  5p_p  =  1.35 -1.55pm. 
As  was  the  case  for  the  first  generation  drive  element  devices,  the  deflection  behavior  under 
quasi-static  driving  conditions  is  linear  with  the  applied  voltage.  Figure  7.34  illustrates  this 
voltage  dependent  behavior  at  100Hz. 
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Frequency  (kHz) 


Figure  7.30:  Device  4  transfer  functions  of  piston  velocity  versus  frequency  for  a  sweep  input 
from  10kHz  to  200kHz  and  small  signal  drive  voltage  0V±25V:  (a)  averaged  velocity  over 
piston  surface,  and  (b)  velocity  at  center  and  edge  locations  on  piston  surface.  Modal  behavior 
is  present  near  50kHz.  Phase  information  was  not  recorded  for  this  device. 
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Figure  7.31: 
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Figure  7.32:  Vibromete 
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(b)  Piston  Edge 


Figure  7.33:  Device  4  displacement  time  histories  for  sinusoidal  drive  voltage  of  500V±500V  at 
/  =  15kHz:  (a)  piston  center  displacement  and  (b)  piston  edge  displacements.  These  results 
indicate  a  rigid  well-toleranced  device. 


Figure  7.34:  Device  4  piston  center  displacement  versus  applied  voltage  at  100Hz. 
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7.6  Conclusions 


This  chapter  has  presented  the  development  and  testing  of  a  variety  of  piezoelectric  drive 
element  devices.  The  results  indicate  that  the  incorporation  of  a  single  centrally-located  piezo¬ 
electric  element  and  the  incorporation  of  multiple  elements  spread  out  symmetrically  beneath 
single-layer  and  double-layer  tethered  piston  structures  can  be  performed  in  a  repeatable  and 
predictable  fashion.  Additionally,  processing,  tolerancing,  and  drilling/dicing  procedures  of 
high  performing  PZN-PT  elements,  in  addition  to  standard  polycrystalline  PZT-5H  elements, 
have  been  proven.  This  drive  element  manufacturing  capability  serves  now  as  a  foundation 
for  the  development  and  assembly  of  the  full  active  valve  devices  presented  in  the  following 
chapters. 


200 


Bibliography 


[1]  S.E.  Park  and  T.R.  Shrout,  “Characteristics  of  Relaxor-Based  Piezoelectric  Single  Crys¬ 
tals  for  Ultrasonic  Transducers,”  IEEE  Trans.  Ultrasonics ,  Ferroelectrics,  and  Frequency 
Control ,  Vol.44,  No.5,  Sept.  1997 ,  pp.  1140-1147. 

[2]  D.C.  Roberts,  J.L.  Steyn,  H.Q.  Li,  K.T.  Turner,  R.  Mlcak,  L.  Saggere,  S.M.  Spearing, 
M.A.  Schmidt,  and  N.W.  Hagood,  “A  High-Frequency,  High-Stiffness  Piezoelectric  Micro- 
Actuator  For  Hydraulic  Applications,”  Proceedings  of  the  11th  International  Conference 
on  Solid-State  Sensors  and  Actuators ,  Munich ,  Germany ,  June  10-14 ,  2001. 


201 


202 


Chapter  8 


Sub-Component  Study:  Valve  Cap 
and  Membrane 

8.1  Objectives 

The  purpose  of  this  study  was  to  evaluate  the  fabrication  process  flow  of  the  valve  cap  and 
membrane  sub-component  structure,  shown  in  Figure  8.1,  and  to  experimentally  characterize 
the  deflection  behavior  of  a  series  of  these  membrane  structures  to  differential  pressure  loadings. 
Specifically,  the  three  primary  objectives  of  this  study  were: 


1.  To  demonstrate  the  capability  to  etch  valve  cap  and  membrane  structures  from  silicon- 
on-insulator  wafers,  with  accurate  control  over  the  fillet  radii  at  the  base  of  the  etch. 

2.  To  experimentally  characterize  the  pressure-deflection  behavior  of  the  valve  cap  and  mem¬ 
brane  structures,  and  correlate  these  results  to  predictions  from  the  structural  models 
presented  in  Chapter  3  of  this  thesis.  These  structures  are  pressurized  to  significant  levels 
at  which  non-linear  large  deformation  behavior  is  expected. 

3.  To  provide  sensitivity  analyses  on  key  geometric  parameters  such  as  membrane  thickness 
and  fillet  radius  size  to  provide  an  understanding  of  fabrication  process  variability  on 
structural  pressure-deflection  behavior. 


Successful  fabrication  and  experimental  evaluation  of  these  valve  cap  and  membrane  struc¬ 
tures  enables  the  further  assembly  and  testing  of  full  active  valve  devices. 
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Valve  Cap 
Deflection 


(a)  (b) 

Figure  8.1:  2-D  schematic  of  a  valve  cap  and  membrane  structure:  (a)  deformation  in  response  to 
a  positive  differential  pressure,  and  (b)  deformation  in  response  to  negative  differential  pressure. 


8.2  Device  Test-Plan 

8.2.1  Geometry 

The  valve  cap  and  membrane  structures  fabricated  for  this  study  had  the  dimensions  illustrated 
in  Figure  8.2.  No  valve  stop  exists  above  the  valve  cap  in  the  positive  direction  (unlike  in  the 
full  active  valve  device  where  the  fluid  orifice  is  present)  in  order  to  facilitate  measurement  of 
the  valve  cap  and  membrane  deflections  from  above.  However,  a  valve  stop  in  the  negative 
direction,  situated  15 \xm  below  the  underside  of  the  valve  cap,  does  exist.  In  response  to 
positive  differential  pressures  across  the  structure  (creating  positive  valve  cap  deflections),  the 
membrane  is  therefore  unrestrained.  In  response  to  negative  differential  pressures,  however,  the 
valve  cap  deflection  is  limited  to  —15 fim. 


F  V^lveStbp-  -(\ 
/7TTT7T7T7T7T7T 


Figure  8.2:  Dimensions  of  the  fabricated  valve  cap  and  membrane  structures:  valve  cap  thick¬ 
ness  =  300  /im,  membrane  thickness  =  6  j/ra,  valve  cap  diameter  =  500  /im,  and  valve  membrane 
outer  diameter  =  1.4  mm.  Fillet  radii  are  shown  in  schematic. 
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8.2.2  Device  Assembly 

As  presented  in  Chapter  7,  testing  of  the  valve  cap  and  membrane  structure  is  enabled  through 
fabrication  and  assembly  of  the  test  device  illustrated  in  Figure  8.3.  This  device  consists  of 
Layers  Nl,  N2,  N3,  4,  5,  6,  N7,  N8,  and  N9.  Layers  4,  5,  and  6  are  identical  to  those  layers  used  in 
a  full  active  valve  device,  however  the  remaining  layers  are  substituted  for  the  final  active  valve 
layers  to  provide  measurement  access  to  the  various  components.  Valve  membrane  deflection 
measurements  are  performed  for  applied  gas  pressure  to  the  inside  of  the  HAC  chamber  and  to 
the  top  surface  of  the  valve  cap  and  membrane. 

Displacement 

Measurement 

Gas 


N9 

N8 

N7 

6 

5 

4 

N3 

N2 

N1 


Control 

P  piston  =  P  HAC 


Figure  8.3:  Valve  cap  and  membrane  sub-component  structure.  Gas  pressure  is  used  above  and 
below  the  valve  structure  to  obtain  pressure-deflection  measurements. 


8.2.3  Testing  Procedure 

The  valve  membrane  sub-component  device  was  inserted  into  the  fluids  test-rig  discussed  in 
Chapter  7  for  experimental  testing.  Gas  pressure  was  independently  regulated  inside  of  the 
hydraulic  amplification  chamber  (P#ac)  and  above  the  valve  cap  and  membrane  surface  ( Phpr ) 
so  as  to  provide  either  a  positive  or  negative  differential  pressure  across  the  valve  cap  and 
membrane  structure.  The  pressure  below  the  unrestrained  drive  element  piston  ( Ppiston )  was 
maintained  at  the  same  value  as  Phac  to  ensure  zero  deflection  of  this  structure,  thereby 
minimizing  its  potential  for  breaking.  Through  glass  Layer  9,  the  deflection  of  the  valve  cap  was 
monitored  using  a  laser  vibrometer  system.  Differential  pressures  from  -0.40  MPa  to  0.40  MPa 
were  imposed  on  the  valve  cap  and  membrane  structures  and  resulting  deflection  measurements 
were  obtained. 
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8.3  Theoretical  Predictions 


In  order  to  accurately  predict  the  response  of  these  valve  membrane  test  structures  to  various 
pressure  loadings,  detailed  modeling  of  the  non-linear  deflection  behavior  is  required.  In  addi¬ 
tion.  sensitivity  analyses  on  the  membrane  thickness  and  the  fillet  radius  size  are  necessary  to 
understand  potential  differences  between  predicted  and  experimental  behavior.  To  accomplish 
these  objectives,  two  parallel  modeling  procedures  were  implemented.  The  first  procedure  uses 
the  numerical  non-linear  deflection  code  presented  in  Chapter  3  of  this  thesis  to  understand 
the  effects  of  varying  membrane  thickness  on  the  deflection  behavior  of  the  structure.  Because 
this  code  is  based  on  simplified  plate  theory,  it  does  not  include  fillet  radii  geometries.  As  a 
result,  a  second  procedure  is  implemented  to  develop  finite-element  models  of  the  valve  cap 
and  membrane  structures,  which  incorporate  fillet  radius  features.  Through  the  use  of  both 
modeling  procedures,  thorough  understanding  of  the  experimental  results  can  be  obtained. 

8.3.1  1st  Modeling  Procedure:  Numerical  Non-linear  Deflection  Code 

The  Matlab™  codes,  DAVE80200NLValveCaseA.m  and  DAVE80200NLValveCaseC.m  (pre¬ 
viously  discussed  in  Chapter  3  and  included  for  reference  in  Appendix  B),  are  combined  to 
capture  the  behavior  of  the  valve  cap  and  membrane  structure  for  positive  and  negative  differ¬ 
ential  pressure  loadings.  The  results  are  discussed  in  the  following  sub-sections. 

Baseline  Design  Pressure-Deflection  Behavior 

Figure  8.4  plots  the  valve  cap  deflection  and  maximum  membrane  tensile  stress  as  a  function 
of  applied  differential  pressure  from  -0.40  MPa  to  0.40  MPa.  Results  for  linear  and  non-linear 
theory  are  shown.  In  comparing  these  curves,  it  is  clear  that  non-linear  deformation  theory 
is  required  for  accurate  prediction  of  the  valve  membrane  structural  behavior.  For  the  peak 
positive  differential  pressure  of  0.40  MPa,  a  valve  cap  deflection  of  22.6  y.m  and  corresponding 
maximum  membrane  stress  of  1.06  GPa  are  predicted.  Due  to  the  presence  of  a  valve  stop  in  the 
negative  direction,  a  valve  cap  deflection  of  -15  fim  and  a  corresponding  maximum  membrane 
stress  of  1.00  GPa  are  predicted  for  an  applied  differential  pressure  of -0.40  MPa. 

Sensitivity  to  Valve  Membrane  Thickness 

Although  the  valve  cap  and  membrane  structures  tested  in  this  study  have  measured  membrane 
thicknesses  between  6  fxm  and  7  fim,  these  measurements  are  only  accurate  to  within  ±  lfim.  As 
a  result,  it  is  important  to  predict  the  structural  behavior  over  a  range  of  membrane  thickness. 
Figure  8.5  plots  the  valve  cap  deflection  and  maximum  membrane  tensile  stress  as  a  function  of 
applied  differential  pressure  from  -0.40  MPa  to  0.40  MPa  for  membrane  thicknesses  of  6  /im,  7 
^ tTn ,  and  8  fim.  In  comparison  to  predictions  for  the  6  fim  membrane  (valve  cap  deflection=22.6 
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/im),  the  7  /im  membrane  is  predicted  to  deflect  20.8  /im  (8  %  difference),  and  the  8  fim 
membrane  is  predicted  to  deflect  19.6  /im  (13  %  difference)  for  an  applied  differential  pressure 
of  0.40  MPa.  The  corresponding  stresses  also  differ  by  similar  percentages.  Based  on  these 
predictions,  variations  in  membrane  thickness  should  not  drastically  effect  structural  behavior, 
although  it  is  an  important  fabrication  uncertainty  to  keep  in  mind. 

Sensitivity  to  Membrane  In-Plane  Prestress 

During  fabrication  procedures  of  the  valve  cap  and  membrane  structures,  the  oxide  above  the 
membrane  is  stripped.  Ideally,  this  procedure  should  eliminate  any  residual  stress  contained 
within  the  membrane  structure.  However,  other  procedures,  such  as  anodic  bonding  of  device 
layers,  could  potentially  create  residual  stresses  along  the  valve  membrane  due  to  thermal  ex¬ 
pansion  mismatch  between  the  silicon  and  pyrex  layers.  Calculations  have  indicated  that  these 
valve  membrane  structures  will  experience  at  most  a  residual  tensile  stress  of  5  MPa  for  an 
anodic  bonding  temperature  of  up  to  330C  (50C  above  the  ideal  matched  anodic  bonding  tem¬ 
perature  of  280C)  [1],  a  stress  which  has  negligible  effect  on  the  stiffness  of  the  valve  membranes 
structures  in  response  to  pressure  loading.  As  a  result,  since  the  anodic  bonding  procedures 
in  this  thesis  are  always  carried  out  at  300C,  these  valve  membranes  should  be  free  of  residual 
tensile  stress. 

8.3.2  2nd  Modeling  Procedure:  Finite-element  Code 

Finite-element  models  have  been  developed  that  incorporate  fillet  radius  features  along  the 
inner  and  outer  circumference  of  the  valve  membrane.  Figure  8.6  displays  a  mesh  of  the  valve 
cap  and  membrane  geometry,  with  detailed  focus  on  the  meshing  grid  around  the  fillet  radius 
features.  In  this  figure,  the  fillet  radius  has  size  30/zm.  Figure  8.7  shows  a  representative  stress 
contour  plot  of  the  structure  when  subjected  to  a  positive  differential  pressure  of  0.30 MPa. 

Sensitivity  to  Fillet  Radius  Size 

Using  these  finite-element  models,  valve  cap  deflection  and  maximum  membrane  stress  plots  as 
a  function  of  varying  fillet  radius  are  acquired,  as  shown  in  Figure  8.8.  The  fillet  radius  at  the 
inner  and  outer  valve  membrane  circumference  is  varied  to  be  15  /im,  30  /im,  45  /im,  and  60  fim. 
As  evidenced  in  the  plots,  an  increase  in  the  fillet  size  serves  to  stiffen  the  overall  membrane 
structure,  resulting  in  reduced  valve  cap  deflections.  For  example,  for  an  applied  differential 
pressure  of  0.40  MPa,  the  valve  cap  with  fR=15 /im  experiences  a  deflection  of  almost  23  /im 
whereas  the  valve  cap  with  fR=60/im  experiences  a  deflection  of  approximately  20  /im.  The 
maximum  membrane  stress  curves  follow  a  similar  pattern.  In  the  valve  cap  and  membrane 
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experiments  discussed  later  in  this  chapter,  careful  inspection  of  the  membrane  fillet  radii  is 
performed  prior  to  testing  to  enable  understanding  of  the  structural  behavior. 

Note  on  Theoretical  Predictions 

The  presence  of  a  fillet  radius  along  the  valve  membrane  inner  and  outer  membrane  surfaces 
clearly  has  an  effect  on  the  structural  stiffness,  as  evidenced  in  comparing  Figures  8.5  and  8.8. 
For  very  small  fillet  radius  sizes,  these  features  act  as  stress  concentrations.  As  such,  the  finite- 
element  models  with  small  fillet  radii  predict  stresses  significantly  larger  than  those  predicted  by 
the  numerical  code  (which  includes  no  effect  of  fillet  radii).  Conversely,  the  finite-element  models 
with  large  fillet  radii  predict  smaller  stresses  than  those  predicted  by  the  numerical  code,  mainly 
because  the  fillet  structure  actually  results  in  a  stiffening  of  the  membrane  and  a  subsequent 
reduction  in  the  deflection  magnitude  of  the  valve  cap.  The  fillet  radii  features  present  on 
the  fabricated  valve  membrane  structures  discussed  in  the  following  experimental  section  were 
able  to  be  controlled  to  within  35  —  50/im,  a  range  which  is  characterized  by  reasonably  good 
correlation  between  finite-element  and  numerical  pressure-deflection  predictions.  As  such,  when 
comparing  experimental  pressure-deflection  behavior  with  theory  in  the  following  section  of  this 
chapter,  the  numerical  predictions  will  be  used. 
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(a)  Valve  Cap  Deflection  vs.  Applied  Differential  Pressure 


(b)  Valve  Membrane  Maximum  Stress  vs.  Applied  Differential  Pressure 


Figure  8.4:  Baseline  valve  cap  and  membrane  design  — rvc  ~  250/im,  rvm  =  700/ira,  tvm  = 
6/im:  (a)  valve  cap  deflection  vs.  applied  differential  pressure,  and  (b)  maximum  stress  in  valve 
membrane  vs.  applied  differential  pressure.  Note:  valve  stop  present  at  —  15/xra. 
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Figure  8.5:  Sensitivity  of  baseline  valve  cap  and  membrane  design  to  variations  in  valve  mem¬ 
brane  thickness  — >  rvc  =  250pm,  rvm  =  700pm,  tvm  =  [6pm,  7pm,  8pm]:  (a)  valve  cap  deflec¬ 
tion  vs.  applied  differential  pressure,  and  (b)  maximum  stress  in  valve  membrane  vs.  applied 
differential  pressure.  Note:  valve  stop  present  at  -15pm. 
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Figure  8.6:  Finite-element  mesh  (ANSYS™)  of  valve  cap  and  membrane  structure:  (a)  full 
view  of  2-D  axisymmetric  model,  (b)  close-up  view  of  membrane,  (c)  close-up  view  of  inner 
fillet  radius,  and  (d)  close-up  view  of  outer  fillet  radius. 
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Figure  8.7:  Finite-element  stress  contours  resulting  from  applied  differential  pressure  loading 
of  0.30MPa.  Fillet  radii  in  model  are  fR  =  30 fim.  Peak  tensile  stress  (0.868  MPa)  occurs  at 
base  of  fillet  radius  along  outer  membrane  circumference. 


211 


Figure  8.8:  Sensitivity  of  baseline  valve  cap  and  membrane  design  to  variations  in  fillet  radius 
size  ->  rvc  =  250 pm,  rvm  =  700pm,  tvm  =  6pm,  fR=[15pm,  30 /»m,  45pm,  60pm]:  (a)  valve 
cap  deflection  vs.  applied  differential  pressure,  and  (b)  maximum  stress  in  valve  membrane  vs. 
applied  differential  pressure.  Note:  valve  stop  at  -15pm  not  implemented  in  this  finite-element 
model. 
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8.4  Experimental  Results 


Three  representative  valve  cap  and  membrane  sub-component  structures  (referred  to  as  Valve 
Membrane  1,  Valve  Membrane  2,  and  Valve  Membrane  3  in  subsequent  discussions)  were  exper¬ 
imentally  tested  to  validate  structural  behavior.  Prior  to  testing  and  before  die-level  bonding 
of  Stack  4-5-6  to  Stack  N7-N8-N9,  inspection  of  the  valve  membrane  fillet  radii  in  Layer  N7  was 
performed.  This  section  details  these  inspections,  as  well  as  the  experimental  pressure-deflection 
results  for  each  of  these  membrane  structures. 

8.4.1  Fillet  Radius  Inspection 

Each  of  the  three  representative  valve  membrane  structures  was  inspected  for  the  presence  of 
defects  along  the  etched  membrane  and  for  consistency  in  fillet  radius  size.  Valve  Membrane 
1  possessed  a  consistent  fillet  radius  size  of  45-50  (im  and  no  defects  along  the  membrane. 
Valve  Membrane  2  possessed  a  consistent  fillet  radius  size  of  40-50  \im  and  no  defects  along 
the  membrane.  And  similarly,  Valve  Membrane  3  possessed  a  fillet  radius  size  of  35-40  fim  and 
no  defects  along  the  membrane.  Overall,  these  three  valve  membrane  structures  well  represent 
the  majority  of  etched  valve  membrane  structures  in  their  fillet  radius  consistency  and  lack  of 
defects. 


8.4.2  Pressure-Deflection  Results 

In  order  to  determine  the  pressure-deflection  behavior  of  these  valve  membrane  structures,  a 
pressure  time  history  was  imposed  on  the  structure  using  a  valve  and  pressure  sensor  set-up 
and  the  valve  cap  deflection  was  measured  using  a  laser  vibrometer  system.  Figure  ??  overlays 
the  pressure-deflection  results  for  Valve  Membranes  1,  2,  and  3  with  the  structural  predictions 
for  tvm  =  6/xm  and  tvm  —  Ijim  presented  previously.  Overall,  all  three  membrane  structures 
correlate  well  with  each  other  and  with  predictions.  Note  that  the  valve  membrane  stops  vary 
between  -15  and  -16  //m  due  to  non-uniform  etch  depths  during  fabrication. 
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Pressure  (MPa) 

Figure  8.9:  Valve  cap  and  membrane  experimental  pressure-deflection  results  compared  to 
theoretical  expectations.  The  three  representative  valve  cap  and  membrane  structures  correlate 
well  with  each  other  and  with  predicted  behavior.  Note  that  valve  stops  vary  between  -15  and 
-16  /rm  due  to  non-uniformity  in  etching  these  features. 


8.5  Conclusions 

This  chapter  has  presented  successful  correlation  between  valve  membrane  structural  behav¬ 
ior  and  modeling  predictions.  Representative  valve  membranes  that  possessed  consistent  fillet 
radius  profiles  around  the  membrane  and  the  absence  of  any  significant  etch  defects  were  ex¬ 
perimentally  characterized.  Pressure-deflection  results  correlate  extremely  well  with  predicted 
behavior  obtained  using  finite-element  models  and  the  non-linear  deformation  code  presented 
in  Chapter  3.  Overall,  this  chapter  has  verified  that  these  valve  membrane  structures  can  be 
consistently  fabricated  for  use  in  full  active  valve  devices,  and  that  these  structures  exhibit 
expected  pressure-deflection  behavior. 
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Chapter  9 

Active  Valve  Testing 


9-1  Objectives 

The  purpose  of  this  testing  study  was  to  evaluate  the  quasi-static  and  dynamic  structural 
performance  of  the  complete  active  valve  device  and  to  determine  its  limitations  in  regulating 
the  flow  of  fluid  against  imposed  differential  pressures.  Specifically,  the  four  primary  objectives 
of  this  study  are: 

1.  To  understand  the  dynamic  behavior  of  the  active  valve  device  and  to  determine  the  range 
of  driving  frequency  for  which  the  valve  behaves  in  a  quasi-static  manner.  In  essence,  this 
goal  focuses  on  locating  the  resonant  frequencies  of  the  structure.  The  effect  of  having  or 
not  having  fluid  present  in  the  flow  channel  above  the  valve  cap  and  membrane  on  the 
onset  of  valve  resonant  behavior  is  determined. 

2.  To  evaluate  the  amplification  ratio  of  the  active  valve  structure  under  a  variety  of  voltage 
levels  and  internal  and  external  bias  pressures  for  a  driving  frequency  below  resonance 
to  ensure  quasi-static  operation.  This  is  accomplished  by  measuring  the  drive  piston  and 
valve  cap  deflections  under  conditions  that  force  the  valve  cap  through  its  full  stroke  of 
operation,  including  interaction  with  the  valve  stops  above  and  below  the  valve  cap. 

3.  To  characterize  the  differential  pressure-flow  rate  curves  for  the  valve  cap  and  orifice 
geometry  of  the  active  valve  device.  This  is  accomplished  by  measuring  an  average  fluid 
flow  rate  through  the  valve  orifice  as  a  function  of  valve  cap  opening  downward  from  the 
upper  valve  stop.  Motion  of  the  valve  cap  through  its  stroke  is  controlled  at  a  very  slow 
rate  to  achieve  quasi-static  measurements  of  flow  rate  at  given  valve  openings. 

4.  To  characterize  the  dynamic  capability  of  the  active  valve  structure  in  regulating  fluid 
flow  against  a  preset  differential  pressure  across  the  valve  at  a  driving  frequency  below 
resonance  to  ensure  quasi-static  operation.  Successful  operation  of  the  valve  structure  in 
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this  manner  proves  its  capabilities  as  a  flow  regulation  device.  A  further  goal  is  to  identify 
the  limiting  differential  pressures  against  which  the  active  valve  can  function. 


9.2  Device  Test-Plan 

9.2.1  Geometry 

A  schematic  of  the  fabricated  active  valve  device  is  illustrated  in  Figure  9.1.  The  device  in¬ 
corporates  three  PZN-PT  piezoelectric  square  elements  (each  with  cross-sectional  area  1.06mm 
x  1.06mm)  beneath  a  double-layer  tethered  piston  structure.  The  top  and  bottom  tethers  of 
the  piston  are  each  250 pm  in  width  and  each  have  a  thickness  of  8pm.  A  valve  cap  and  mem¬ 
brane  structure  is  positioned  above  the  hydraulic  amplification  chamber,  with  a  structural  stop 
(formed  by  the  glass  Layer  6  within  the  HAC  chamber)  ~  16.5pm  below  the  equilibrium  posi¬ 
tion  of  the  valve  cap.  Glass  Layer  6  contains  a  series  of  “HAC  through-holes”  and  “HAC  radial 
channels”  to  carry  the  fluid  from  the  lower  to  upper  portion  of  the  HAC  chamber.  The  valve  cap 
has  a  diameter  of  500  pm  and  the  valve  membrane  has  an  outer  diameter  of  1400  pm.  A  valve 
orifice  is  located  ~  16.5pm  above  the  valve  cap  equilibrium  position.  The  orifice  has  an  inner 
diameter  of  450pm.  The  drive  element  piston  structure  is  consistent  with  the  2nd-generation 
drive  element  devices  (except  for  the  use  of  slightly  reduced-area  square  piezoelectric  elements) 
fabricated  and  tested  as  part  of  the  drive  element  sub-component  study  detailed  in  Chapter 
7.  In  addition,  the  valve  cap  and  membrane  structure  is  consistent  with  the  valve  structures 
fabricated  and  tested  as  part  of  the  valve  cap  and  membrane  sub-component  study  detailed  in 
Chapter  8. 

9.2.2  Plan  of  Study 

As  detailed  in  the  introduction  to  this  chapter,  the  characterization  of  each  active  valve  device 
was  carried  out  through  a  series  of  four  experimental  testing  studies.  The  first  two  studies 
focus  on  the  dynamic  and  quasi-static  behavior  of  the  active  valve  structure,  while  the  second 
two  studies  focus  on  the  fluid  flow  regulation  capability  of  the  structure.  In  evaluating  these 
objectives,  numerous  active  valve  devices  were  built.  Two  of  these  devices  are  covered  in  detail 
in  this  chapter  (and  thesis).  The  first  active  valve  device  (subsequently  referred  to  as  device 
AVI)  successfully  made  it  through  the  majority  of  all  four  testing  studies.  It  failed  during  an 
experiment  to  determine  its  limitations  in  regulating  high  pressure  flows.  The  second  device 
(subsequently  referred  to  as  device  AV2)  broke  during  completion  of  the  first  two  studies,  and 
as  a  result,  no  flow  regulation  data  was  taken  for  this  device.  A  discussion  of  this  failure  is 
described  in  the  chapter.  This  chapter  is  organized  into  two  primary  sections,  in  accordance 
with  these  experimental  testing  studies.  The  first  section  details  the  results  of  the  dynamic  and 
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Figure  9.1:  Dimensions  of  active  valve  devices  AVI  and  AV2.  Three  square  PZN-PT  elements 
are  incorporated  beneath  a  double-layer  tethered  piston.  A  valve  cap  and  membrane  structure 
interacts  with  the  fluid  orifice  structure  at  Zvc  =  +16.5 //m  and  with  the  glass  Layer  6  structure 
within  the  HAC  chamber  at  Zvc  =  —16.5 fim.  In  the  lower  figure,  only  geometries  beneath  the 
valve  cap  structure  (ie:  beneath  Layer  7)  are  detailed. 


quasi-static  active  valve  testing  studies  (for  both  device  AVI  and  device  AV2),  and  the  second 
section  covers  the  valve  flow  regulation  studies  (for  device  AVI). 
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9.3  Experimental  Testing  Section  Is  Active  Valve  Structural 
Performance 

9.3.1  Testing  Section  1:  Active  Valve  Structural  Performance 

To  characterize  the  frequency  dependant  behavior  of  each  active  valve  device,  the  following  tests 
were  performed.  A  low-voltage  (OV ±5 V)  sweep  signal  from  500Hz  to  100kHz  was  applied  to  the 
piezoelectric  drive  element  structure.  The  corresponding  valve  cap  and  piston  displacements 
were  measured  using  a  laser  scanning  vibrometer  system.  The  effect  of  bias  pressure  (ie:  Pbias  = 
Phac  —  Pi  —  Pi,  where  P(*as  >  0),  up  to  500  kPa,  on  the  frequency  response  of  the  active 
valve  device  was  evaluated.  Additionally,  higher-voltage  (up  to  600Vpp)  sweep  signals  were 
applied  over  a  lower  range  of  frequency  from  500Hz  to  3kHz  to  evaluate  the  valve  cap  and 
piston  behavior  in  a  range  of  quasi-static  frequencies  below  resonance. 

To  characterize  the  quasi-static  behavior  of  each  active  valve  device,  a  series  of  tests  was 
run  at  a  chosen  frequency  of  operation  (ie:  1kHz  for  these  tests)  sufficiently  below  the  resonant 
frequency  to  ensure  quasi-static  structural  behavior.  The  effects  of  increasing  voltage  and 
increasing  bias  pressure  on  the  device  amplification  ratio  were  determined.  Additionally,  the 
capability  of  the  device  to  open  and  close  the  valve  cap  against  the  fluid  orifice  was  evaluated. 

Active  Valve  Device  AVI 

Figures  9.2  through  9.7  display  the  structural  testing  results  for  active  valve  device  AVI.  Figure 
9.2  plots  the  valve  cap  frequency  response  from  500Hz  to  100kHz  for  an  applied  low-voltage 
sweep  signal  of  0V  ±  5V  under  the  condition  that  silicon  oil  is  not  present  above  the  valve  cap 
and  membrane  structure  and  under  the  condition  that  silicon  oil  is  present  above  the  valve 
cap  and  membrane  structure.  These  tests  were  performed  with  PWaJ  =  500fcPa  to  ensure  that 
cavitation  of  the  fluid  within  the  HAC  did  not  occur.  Without  oil,  the  resonant  frequency  of  the 
structure  is  10kHz.  With  oil,  this  frequency  drops  to  slightly  less  than  5kHz.  This  reduction 
is  due  to  the  added  mass  of  the  fluid  on  the  top  surface  of  the  valve  cap  and  membrane.  It  is 
interesting  to  notice  the  presence  of  numerous  resonant  peaks  (at  6.5kHz  and  8kHz),  in  addition 
to  the  primary  resonant  peak  at  5kHz,  for  the  response  with  oil.  Without  oil,  no  additional 
resonant  behavior  is  observed  beyond  the  primary  10kHz  resonance  until  approximately  40kHz. 
The  additional  peaks  in  the  response  with  oil  present  are  most  likely  a  result  of  fluid-structure 
interactions  between  the  oil  and  the  experimental  test-jig  flow  tubes  external  to  the  device  or 
between  the  oil  and  the  flow  channels  internal  to  the  device.  Pressure  waves  could  be  interacting 
within  these  channels  and  affecting  the  valve  behavior.  Additionally,  the  primary  resonant  peak 
of  the  response  (at  5kHz)  with  oil  above  the  structure  is  not  as  sharp  as  that  without  oil,  due  to 
the  increased  damping  introduced  by  the  fluid  within  the  system.  Based  on  the  experimental 
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resonant  peak  amplitude,  in  comparison  to  expected  behavior  determined  from  the  active  valve 
model  described  in  Chapter  5,  the  damping  ratio  of  this  structure  is  estimated  to  be  0.16. 

Figure  9.3  overlays  the  frequency  response  of  the  drive  element  piston  with  that  of  the  valve 
cap,  for  the  case  in  which  oil  is  present  above  the  valve  structure  at  the  same  operating  con¬ 
ditions  as  previously  described.  The  piston  response  exhibits  the  same  resonant  peak  behavior 
as  the  valve  cap  response.  The  increase  in  piston  displacement  amplitude  at  frequencies  below 
1kHz  is  due  to  measurement  limitations  in  the  vibrometer  system  (essentially  the  magnitude 
of  the  measured  velocities  and  displacements  are  of  the  same  order  as  the  noise  floor  of  the 
system).  The  results  indicate  that  the  amplification  ratio  of  the  valve  device  is  steady  (between 
40x-50x)  over  the  range  of  frequencies  below  resonance. 

Figure  9.4  plots  the  low-voltage  valve  cap  frequency  response  from  500Hz  to  100kHz  for 
a  varying  bias  pressure  from  P^a5  =  lOOkPa  to  P^as  =  500fcPa.  For  the  PZN-PT  mate¬ 
rial  integrated  within  these  valve  devices,  material  testing  results  by  Lin  [1]  indicate  that  the 
piezoelectric  material  strain  capability  degrades  near  a  compressive  stress  of  lOMPa.  For  the 
geometry  of  these  active  valve  devices  tested,  a  bias  pressure  of  P^as  =  500fcPa  correlates 
to  a  compressive  stress  on  the  piezoelectric  square  elements  beneath  the  piston  of  approxi¬ 
mately  6.1MPa.  These  bias  pressure  tests  therefore  evaluate  whether  degradation  occurs  up  to 
6.1MPa.  Higher  bias  pressure  tests  were  to  be  performed  following  the  completion  of  all  four 
major  testing  sections.  Clearly  from  the  results,  a  variation  in  P^as  from  lOOkPa  to  500kPa  has 
no  noticeable  effect  on  the  frequency  response  of  the  structure.  Again,  the  upper  limit  to  P^as 
was  not  evaluated  until  all  other  experimental  tests  on  the  active  valve  device  were  completed, 
for  safety  reasons,  to  minimize  potential  breakage  of  the  device. 

Each  of  the  previous  frequency  sweeps  was  carried  out  with  the  valve  cap  and  membrane 
structure  at  its  equilibrium  position  (zero  defection  upward  or  downward)  by  ensuring  that  the 
pressures  above  the  valve  cap  and  membrane  structure  (Pi  and  P2)  were  identical  to  the  pressure 
within  the  hydraulic  amplification  chamber  ( Phac )•  Under  these  conditions,  in  order  to  close 
the  valve  cap  against  the  valve  orifice  (+16.5 \im  above  this  equilibrium  position)  during  quasi¬ 
static  sinusoidal  operation,  a  large  voltage  on  the  piezoelectric  drive  element  could  be  required. 
Another  potential  way  of  operating  the  active  valve  device  to  ensure  that  the  valve  cap  can  close 
against  the  valve  orifice  for  lower  operating  voltages  is  to  impose  a  differential  pressure  (referred 
to  as  APVCyVm  —  Phac  ~~  Pu  where  Pi  =  P2  for  example)  across  the  valve  cap  and  membrane 
structure  to  create  a  positive  offset  deflection  of  the  valve  cap  about  which  oscillation  can  then 
occur.  This  method  reduces  the  overall  stroke  of  the  valve  cap  (due  to  the  non-linearity  of  the 
valve  membrane  -  see  next  paragraph),  but  ensures  valve  closure  against  the  orifice.  To  evaluate 
this  alternative  operation  concept  on  the  resonant  behavior  of  active  valve  device,  additional 
low-voltage  frequency  sweeps  were  carried  out  with  A Pvc,Vm  =  20A;Pa  and  A Pvc,vm  =  50fcPa, 
which  produce  offset  valve  cap  displacements  of  Zvc  ~  +6/xra  and  Zvc  ~  +10 juro  respectively. 
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Figure  9.5  compares  the  results. 

With  increasing  offset  displacement  of  the  valve  cap  above  its  equilibrium  position,  the 
effective  stiffness  of  the  valve  membrane  structure  for  low- voltage  (and  therefore  low  amplitude) 
oscillations  should  increase  since  the  membrane  moves  into  its  large-deflection  regime.  As  a 
result,  one  would  expect  the  resonant  peak  to  shift  to  a  increased  frequency  (due  to  the  higher 
stiffness)  and  the  magnitude  of  this  peak  to  be  reduced  (also  due  to  the  higher  stiffness).  As 
shown  in  Figure  9.5(a),  both  of  these  results  are  clearly  observed.  As  A PVC)Vm  is  increased 
from  OkPa  to  20kPa  to  50kPa,  the  resonant  peak  increases  from  ~  5 kHz  to  ~  6 kHz  to  ~ 
6.bkHz,  respectively.  Additionally,  the  valve  cap  oscillation  amplitude  decreases  from  ~  4/xm 
to  ~  1.6 /im  to  -  0.8 fim  for  this  increase  in  APVCtVm.  This  amplitude  reduction  is  most  clearly 
seen  in  Figure  9.5(b),  which  plots  the  amplitude  on  a  linear  scale.  High-voltage  quasi-static 
active  valve  operation  under  these  differential  pressure  conditions  is  discussed  further  in  the 
later  half  of  Testing  Section  1. 
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Valve  Cap  Frequency  Response:  P..  =  500kPa,  Voltage  =  0V+-5V 


Frequency  (kHz) 


Figure  9.2:  Device  AVI  low-voltage  (OV  ±  bV)  valve  cap  frequency  response  from  500Hz  to 
100kHz,  with  and  without  oil  present  above  the  valve  structure.  The  bias  pressure  in  these 
tests  was  maintained  at  P^ias  =  bOOkPa.  The  presence  of  oil  in  the  flow  channel  above  the 
valve  cap  creates  an  added  mass  that  reduces  the  resonant  frequency  from  10kHz  to  5kHz. 


Valve  Cap  and  Piston  Frequency  Response:  Fluid  Above  Valve  Cap,  P  =  500kPa,  Voltage  =  0V+-5V 


Frequency  (kHz) 


Figure  9.3.  Device  AVI  low-voltage  (OV  ±  5V)  piston  and  valve  cap  frequency  responses  from 
500Hz  to  100kHz,  with  oil  present  above  the  valve  structure.  The  bias  pressure  in  these  tests 
was  maintained  at  PWas  =  500A;Pa.  An  amplification  ratio  between  40x-50x  is  observed  for 
frequencies  below  resonance. 


Valve  Cap  Frequency  Response:  Fluid  Above  Valve  Cap,  Voltag  e  =  0V+-5V 


Frequency  (kHz) 

Figure  9.4:  Device  AVI  low- volt  age  valve  cap  frequency  responses  from  500Hz  to  100kHz,  for 
varying  P^as-  Results  indicate  that  frequency  behavior  is  not  affected  by  an  increase  in  bias 
pressure  from  Pbias  —  lOOfcPa  to  Pbias  =  500 kPa. 
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(b)  Valve  Cap  Frequency  Response:  Fluid  Above  VaJve  Cap,  Vo  Itage  =  0V+-5V  (SemtLog  Plot) 
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Figure  9.5:  Device  AVI  low- voltage  valve  cap  frequency  responses  from  500Hz  to  100kHz, 
for  varying  differential  pressure  applied  to  valve  cap  and  membrane  structure.  For  increasing 
differential  pressure  A Pvc,vm  across  valve  cap  and  membrane,  the  resonant  peak  shifts  upward 
and  the  valve  cap  vibration  amplitude  decrease.  These  phenomena  are  due  to  the  membrane 
stiffening  as  it  is  forced  higher  into  its  large-deflection  regime. 
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A  series  of  tests  was  also  run  on  active  valve  device  AVI  to  characterize  the  high-voltage 
frequency  response  of  the  structure  for  a  range  of  frequencies  below  resonance.  Since  the 
resonant  peak  of  this  device  is  present  at  5kHz,  a  range  was  chosen  to  include  500Hz  to  3kHz. 
Figure  9.6  plots  the  valve  cap  frequency  response  from  500Hz  to  3kHz  for  a  series  of  increasing 
drive  voltage  levels  from  50Vpp  to  600Vpp,  all  with  Pnas  =  500 kPa.  At  the  lower  voltage  drive 
levels,  the  valve  cap  deflection  amplitude  is  essentially  constant  over  these  frequencies.  As  the 
voltage  is  increased,  regions  of  increased  valve  cap  deflection  appear  near  1.7-1. 9kHz.  This 
frequency  value  is  approximately  |  of  the  low-voltage  resonant  frequency  of  the  active  valve 
device.  This  region,  therefore,  is  a  result  of  sub-harmonic  excitation  of  the  device.  Figure  9.7 
plots  the  valve  cap  versus  piston  deflection  amplitude  over  this  frequency  range  for  an  applied 
voltage  of  600Vpp.  In  comparing  these  frequency  responses,  the  amplification  capabilities  of  the 
active  valve  device  is  evident.  Figure  9.7(a)  plots  these  curves  on  a  logarithmic  amplitude  scale, 
and  Figure  9.7(b)  plots  the  curves  on  a  linear  amplitude  scale.  Over  this  range  of  frequencies, 
the  amplification  ratio  is  between  40x-50x. 


Valve  Cap  Frequency  Response:  Fluid  Above  Valve  Cap,  PWas  =  SOOkPa 


Frequency  (kHz) 

Figure  9.6:  Device  AVI  valve  cap  frequency  responses  from  500Hz  to  3kHz,  for  P^as  =  500 kPa 
and  increasing  high  voltage  drive  levels.  Harmonic  excitation  behavior  near  ~  1.7  —  1.9 kHz 
becomes  evident  as  voltage  levels  are  increased  (ie:  as  valve  membrane  structure  moves  further 
into  its  non-linear  large-deflection  regime). 
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Displacement  Amplitude  (urn) 


Figure  9.7:  Device  AVI  high-voltage  piston  and  valve  cap  frequency  responses  from  500Hz  to 
3kHz,  for  Pfnas  =  500fcPo.  Amplification  of  active  valve  device  is  consistent  between  40x-50x 
over  this  range  of  frequency. 


The  previous  frequency  sweep  experimental  tests  found  the  resonant  frequency  of  device  AVI 
to  be  ~  5 kHz,  In  order  to  evaluate  the  quasi-static  performance  of  the  structure  under  the 
larger  drive  voltage  levels  at  which  the  valve  was  designed  to  operate,  a  frequency  of  operation 
of  1kHz  was  chosen.  All  subsequent  structural  testing  was  performed  at  this  frequency.  Figure 
9.8  plots  the  valve  cap  and  piston  displacement  time  histories,  respectively,  over  a  range  of 
applied  voltages  from  50Vpp  to  600Vpp.  In  Figure  9.8(a),  the  dotted  lines  at  +16.5 fim  and 
—16.5 fim  indicate  the  position  of  the  upper  and  lower  valve  stops,  respectively.  For  an  applied 
voltage  of  50Vpp,  the  response  of  the  valve  cap  is  purely  sinusoidal.  As  the  voltage  is  increased 
to  600Vpp,  the  resulting  valve  cap  displacement  time  history  contains  small  amplitude  higher 
frequency  (~  5 kHz)  oscillations  due  to  the  non-linear  nature  of  the  valve  membrane  structure. 
These  oscillations  become  more  pronounced  as  the  voltage  is  increased.  In  Figure  9.8(b),  the 
drive  element  deflection  time  histories  are  somewhat  rough  in  nature  due  to  the  noise  level  of 
the  measurement  system.  As  the  deflections  increase  in  amplitude,  the  effect  of  this  noise  floor 
diminishes. 

Figure  9.9  takes  these  deflection  time  histories  (at  Pbias  =  500A:Po),  and  plots  the  valve  cap 
peak-peak  displacement,  piston  peak-peak  displacement,  and  corresponding  device  amplifica¬ 
tion  ratio  as  a  function  of  applied  voltage  to  the  piezoelectric  drive  element.  The  amplification 
ratio  is  observed  to  decrease  from  49  to  41  with  increasing  voltage.  This  decrease  is  a  result  of 
increased  pressurization  within  the  HAC  chamber  due  to  the  increase  in  the  valve  membrane 
stiffness,  and  therefore  increased  deformation  of  the  structure  and  fluid  within  the  chamber, 
for  increased  voltage.  In  essence,  as  the  voltage  is  increased,  a  smaller  percentage  of  the  drive 
element  swept  volume  is  transferred  to  the  valve  membrane  since  more  volume  is  lost  in  cham¬ 
ber  compliances.  Overall,  as  will  be  detailed  in  the  model  correlation  part  of  Testing  Section  1, 
this  range  of  amplification  ratio  correlates  extremely  well  with  the  expected  range  based  on  the 
models  developed  in  the  first  half  of  this  thesis.  These  tests  were  also  performed  under  decreased 
bias  pressures,  and  these  results  are  additionally  presented  in  Figure  9.9.  For  decreased  Pbiasi 
the  valve  cap  and  piston  deflections  slightly  increase,  most  likely  due  to  better  performance  of 
the  piezoelectric  material  under  lower  loading.  As  expected,  however,  the  amplification  ratio  is 
not  affected  by  the  reduced  bias  pressure. 
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Piston  Displacement  (um)  Valve  Cap  Displacement  (um) 


(b)  Piston  Motion:  Fluid  Above  Valve  Cap,  P Was  =  500kPa,  Frequency  =  1kHz 


Time  (ms) 


Figure  9.8:  Device  AVI  valve  cap  and  piston  deflection  time  histories  for  1kHz  sinusoidal  drive 
voltage  levels.  As  voltage  is  increased,  small  amplitude  5kHz  oscillations  appear  in  deflection 
responses.  A  voltage  of  600Vpp  is  not  sufficient  to  close  valve  cap  against  the  valve  orifice. 


(a)  Valve  Cap  Voltage  Dependance:  Fluid  Above  Valve  Cap,  Frequency  =  1  kHz 


Figure  9.9:  Device  AVI  valve  cap  peak-peak  motion,  piston  peak-peak  motion,  and  device 
amplification  ratio  as  a  function  of  1kHz  sinusoidal  drive  voltage  levels.  Due  to  non-linear 
stiffness  of  the  valve  membrane  structure,  the  amplification  ratio  decreases  from  ~  50a:  to 
~  40a:  as  the  drive  voltage  is  increased  to  600Vpp. 
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In  the  previous  tests  at  1kHz,  applied  voltages  were  limited  to  600Vpp  to  minimize  the 
potential  for  device  failure  (due  to  stresses  in  drive  element  tethers  -  see  the  AV2  testing  part 
of  Testing  Section  1  for  an  explanation).  As  a  result,  the  valve  cap  never  was  able  to  close 
against  the  valve  orifice.  In  order  to  observe  valve  closing  and  verify  that  the  valve  membrane 
is  able  to  withstand  these  deflection  magnitudes  during  dynamic  operation,  a  series  of  tests 
was  performed  whereby  a  differential  pressure  of  Pvc>vm  =  50k Pa  was  applied  across  the  valve 
cap  and  membrane  to  deflect  it  to  an  offset  position  of  — 1-lO^m.  Voltages  from  50Vpp  to 
600Vpp  were  then  applied  to  evaluate  closing  behavior.  Figure  9.10  plots  the  resulting  valve 
cap  deflection  time  histories.  Notice  that  applied  voltages  of  500Vpp  and  600Vpp  successfully 
force  the  valve  cap  closed.  Since  the  valve  membrane  is  offset  into  its  large  deflection  regime, 
the  higher  voltage  deflection  time  histories  become  non-symmetric  about  this  offset  deflection. 
Additionally,  the  rounded  nature  of  these  curves  as  the  cap  hits  the  upper  valve  stop  (valve 
orifice)  indicates  that  squeeze-film  damping  may  be  playing  a  positive  role  in  damping  out 
potential  vibrations  due  to  high  velocity  impact  of  the  valve  cap  on  the  valve  stop. 


Figure  9.10:  Device  AVI  valve  cap  peak-peak  motion,  piston  peak-peak  motion,  and  device 
amplification  ratio  as  a  function  of  1kHz  sinusoidal  drive  voltage  levels,  with  Pvc,Vm  =  50fcPa. 
As  the  valve  cap  impacts  the  orifice  stop,  squeeze  film  damping  may  be  aiding  to  damp  undesired 
structural  vibrations. 


Overall,  these  series  of  low-voltage  frequency  sweep  tests  and  higher-voltage  quasi-static 
1kHz  tests  have  proven  that  active  valve  device  AVI  successfully  operates  as  a  piezoelectrically- 
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driven  hydraulic  amplification  microactuator  structure.  The  series  of  tests  detailed  in  Testing 
Section  2  will  evaluate  its  capability  to  regulate  fluid  flow  at  high-frequency. 

Evaluation  of  Device  AVI  High-Frequency  Channel  The  experimental  data  for  device 
AVI  described  in  the  previous  sections  was  taken  using  the  micromachined  high-frequency 
channel  (detailed  in  Chapter  6)  as  a  means  to  control  the  static  pressure  Phac  within  the 
hydraulic  amplification  chamber,  yet  also  to  allow  dynamic  pressure  fluctuations  within  the 
chamber  created  by  piezoelectric  actuation  of  the  drive  element.  This  channel,  located  between 
the  HAC  chamber  and  the  external  pressure  port  in  the  device,  was  designed  to  have  a  length  of 
1mm,  a  width  of  10/im,  and  a  height  of  10 fj,m.  Although  the  previous  set  of  data  clearly  indicates 
that  this  high-frequency  channel  must  be  satisfying  its  objective,  the  specific  limitations  of  the 
channel  are  not  clear.  In  an  effort  to  evaluate  the  lower-limit  frequency  at  which  fluid  begins  to 
leak  out  of  this  channel  during  the  positive  stroke  of  the  drive  element  actuation  cycle,  a  series 
of  tests  for  varying  applied  voltage  to  the  piezoelectric  elements  were  carried  out. 

In  each  test,  the  valve  cap  displacement  amplitude  was  measured  for  an  applied  piezoelec¬ 
tric  sinusoidal  voltage  (lOOVpp,  200Vpp,  and  400Vpp)  over  a  frequency  range  from  1kHz  to 
0.1Hz.  Figure  9.11  plots  the  valve  cap  displacement  amplitude  as  function  of  frequency  for  these 
different  applied  voltage  levels.  Overall,  the  results  indicate  that  this  high-frequency  channel 
behaves  as  a  low  pass  filter  with  ~  1%  reduction  in  performance  at  a  frequency  of  ~  1  —  2 Hz. 
These  experimental  results  correlate  quite  well  to  the  conservative  channel  design  procedure 
(detailed  in  Chapter  6)  in  which  a  1%  reduction  in  performance  was  estimated  to  occur  at  a 
frequency  of  48Hz.  As  a  result,  during  actuation  of  the  active  valve  at  the  desired  frequencies  in 
excess  of  500Hz,  the  channel  allows  negligible  fluid  volume  to  move  into  and  out  of  the  hydraulic 
amplification  chamber. 


10'1  10°  101  10*  io3 

frequency  (Hz) 


Figure  9.11:  Experimental  verification  of  the  high-frequency  channel  in  device  AVI.  The  chan¬ 
nel,  with  a  length  of  1mm,  a  width  of  10/xm,  and  a  height  of  10/ifn,  successfully  restricts  fluid 
flow  from  the  chamber  during  cyclic  actuation  down  to  a  cutoff  frequency  near  1Hz. 
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Active  Valve  Device  AV2 


This  section  documents  the  frequency  response  characteristics  and  quasi-static  operational  ca¬ 
pabilities  of  active  valve  device  AV2.  The  tests  performed  were  identical  to  those  carried  out 
for  device  AVI.  As  such,  only  selected  plots  are  included  in  this  section.  The  overall  objective 
of  this  section  is  to  demonstrate  that  both  devices  behave  in  the  same  manner.  As  a  result, 
a  conclusion  can  be  made  that  repeatability  in  fabricating  and  assembling  these  devices  is 
excellent. 

Figure  9.12  plots  the  valve  cap  frequency  response  from  500Hz  to  100kHz  for  an  applied 
low-voltage  sweep  signal  of  OV  ±  5V  under  the  condition  that  silicon  oil  is  not  present  above 
the  valve  cap  and  membrane  structure  and  under  the  condition  that  silicon  oil  is  present  above 
the  valve  cap  and  membrane  structure.  As  for  device  AVI,  these  tests  were  performed  with 
P«<“  =  500 kPa  to  ensure  that  cavitation  of  the  fluid  within  the  HAC  did  not  occur.  Without 
oil,  the  resonant  frequency  of  the  structure  is  evident  at  10.5kHz.  With  oil,  this  frequency  drops 
to  slightly  less  than  5kHz.  These  results  are  essentially  the  same  as  those  found  for  device  AVI. 

Figure  9.13  plots  the  valve  cap  frequency  responses  under  these  voltage  sweep  signal  inputs 
for  a  varying  bias  pressure.  Clearly  from  the  results,  a  variation  in  PWos  from  lOOkPa  to  500kPa 
has  no  noticeable  effect  on  the  frequency  response  of  the  structure. 

Figure  9.14  plots  a  series  of  valve  cap  frequency  responses  from  500Hz  to  3kHz  for  increasing 
drive  voltage  levels  from  50Vpp  to  500Vpp,  all  with  PWas  =  500fcPa.  As  was  observed  for  device 
AVI,  as  the  voltage  is  increased,  regions  of  increased  valve  cap  deflection  appear  near  1.7-1.9kHz. 
This  frequency  value  is  approximately  ±  of  the  low- voltage  resonant  frequency  of  the  active  valve 
device.  This  region,  therefore,  is  a  result  of  sub-harmonic  oscillations  of  the  device.  Figure  9.15 
plots  the  valve  cap  versus  piston  deflection  amplitude  over  this  frequency  range  for  an  applied 
voltage  of  500Vpp.  In  comparing  these  frequency  responses,  the  amplification  capability  of 
the  active  valve  device  is  evident.  Figure  9.15(a)  plots  these  curves  on  a  logarithmic  amplitude 
scale,  and  Figure  9.15(b)  plots  them  on  a  linear  amplitude  scale.  Over  this  range  of  frequencies, 
the  amplification  ratio  is  in  the  range  of  40x-50x,  an  identical  result  as  for  the  amplification 
ratio  found  for  device  AVI. 

In  order  to  evaluate  the  quasi-static  performance  of  device  AV2,  a  frequency  of  operation 
of  1kHz  was  chosen.  Figure  9.16(a)  and  (b)  plot  the  valve  cap  and  piston  displacement  time 
histories,  respectively,  over  a  range  of  applied  voltages  from  50Vpp  to  900Vpp.  In  Figure 
9.16(a),  the  dotted  lines  at  +16. 5pm  and  -16.5pm  indicate  the  position  of  the  upper  and  lower 
valve  stops,  respectively.  For  an  applied  voltage  of  50Vpp,  the  response  of  the  valve  cap  is 
purely  sinusoidal.  As  the  voltage  is  increased  to  900Vpp,  the  resulting  valve  cap  displacement 
time  history  contains  significant  higher  frequency  (~  5 kHz)  oscillations  due  to  the  non-linear 
nature  of  the  valve  membrane  structure.  These  oscillations  become  more  pronounced  as  the 
voltage  is  increased.  In  the  chronology  of  the  testing  procedure  for  devices  AVI  and  AV2, 
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device  AV2  was  tested  before  device  AVI  was  tested.  During  testing  of  device  AV2,  voltage 
was  increased  to  lOOOVpp.  At  this  voltage  level,  the  drive  element  piston  tethers  broke  and 
silicon  oil  leaked  out  of  the  HAC  chamber.  Data  was  therefore  only  able  to  be  taken  on  the 
valve  cap  behavior  up  to  900Vpp  and  on  the  piston  behavior  up  to  800Vpp.  This  is  the  reason 
that  device  AVI  was  tested  only  up  to  600Vpp  (see  previous  section). 

Figure  9.17  takes  these  deflection  time  histories  (at  P^as  =  500 kPa),  and  plots  the  valve  cap 
peak-peak  displacement,  piston  peak-peak  displacement,  and  corresponding  device  amplifica¬ 
tion  ratio  as  a  function  of  applied  voltage  to  the  piezoelectric  drive  element.  The  amplification 
ratio  is  observed  to  vary  from  40x  to  50x,  mainly  decreasing  with  increasing  voltage.  As  for 
device  AVI,  this  decrease  is  a  result  of  increased  pressurization  within  the  HAC  chamber,  and 
therefore  increased  deformation  of  the  structure  and  fluid  within  the  chamber,  for  increased 
voltage.  In  essence,  as  the  voltage  is  increased,  a  smaller  percentage  of  the  drive  element  swept 
volume  is  transferred  to  the  valve  membrane  since  more  volume  is  lost  in  chamber  compliances. 
Overall,  however,  this  range  of  amplification  ratio  correlates  well  with  the  expected  range  based 
on  the  models  developed  in  the  first  half  of  this  thesis  (see  Model  Correlation  part  of  Testing 
Section  1). 

Piston  failure  in  device  AV2  is  attributed  to  the  fact  that,  although  the  drive  element  tethers 
were  designed  to  have  a  thickness  of  8 /im,  their  measured  thickness  was  closer  to  6/im.  As  a 
result,  under  the  calculated  pressure  loading  of  ~  700 kPa  (corresponding  to  drive  voltage  of 
1000V  and  Pbias  —  500fcPa),  the  drive  element  tethers  were  expected  to  experience  a  stress 
approaching  lGPa,  a  value  which  is  taken  as  a  limit  for  the  structural  integrity  of  the  silicon 
membrane  structures  [2].  Future  drive  element  piston  structures  incorporate  tethers  which  have 
a  thickness  of  8 \xm.  Although  the  complete  series  of  tests  that  were  performed  on  device  AVI 
were  not  able  to  be  carried  out  on  device  AV2,  the  test  results  documented  in  this  section 
indicate  that  this  valve  device  also  successfully  operated  as  a  piezoelectrically-driven  hydraulic 
amplification  microactuator  structure. 
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Figure  9.13:  Device  AV2  low-voltage  valve  cap  frequency  responses  from  500Hz  to  100kHz,  for 
varying  Pbias-  Results  indicate  that  frequency  behavior  is  not  affected  by  an  increase  in  bias 
pressure  from  Pbias  =  100 kPa  to  P^*as  =  500 kPa. 
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Figure  9.14:  Device  AV2  valve  cap  frequency  responses  from  500Hz  to  3kHz,  for  PWas  =  500k Pa 
and  increasing  high  voltage  drive  levels.  Harmonic  excitation  behavior  near  ~  1.7  -  1.9kHz 
becomes  evident  as  voltage  levels  are  increased  (ie:  as  valve  membrane  structure  moves  further 
into  its  non-linear  large-deflection  regime).  It  is  unknown  why  the  valve  cap  displacement  dips 
downward  between  500Hz  and  2.5kHz  for  the  voltage  drive  levels  of  50Vpp  and  lOOVpp. 
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Figure  9.15:  Device  AV2  high-voltage  piston  and  valve  cap  frequency  responses  from  500Hz  to 
3kHz,  for  Pfoas  —  500 kPa.  Amplification  of  active  valve  device  is  consistent  between  40x-50x 
over  this  range  of  frequency. 
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Valve  Cap  Motion:  Fluid  Above  Valve  Cap,  P  =  500kPa,  Frequency  =  1  kHz 


1.5 

Time  (ms) 


Piston  Motion:  Fluid  Above  Valve  Cap,  P  =  500kPa,  Frequency  =  1  kHz 


Time  (ms) 


Figure  9.16:  Device  AV2  valve  cap  and  piston  deflection  time  histories  for  1kHz  sinusoidal  drive 
voltage  levels.  As  voltage  is  increased,  small  amplitude  5kHz  oscillations  appear  in  deflection 
responses.  A  voltage  of  900Vpp  is  not  sufficient  to  close  the  valve  cap  against  the  valve  orifice. 
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Valve  Cap  Voltage  Dependance:  Fluid  Above  Valve  Cap,  Pbjas  =  500kPa,  Frequency  =  1kHz 


Piston  Voltage  Dependance:  Fluid  Above  Valve  Cap,  Pbjas  =  500kPa,  Frequency  =  1kHz 


Amplification  Ratio  Voltage  Dependance:  Fluid  Above  Valve  C  ap,  Pbjas  =  500kPa,  Frequency  =  1  kHz 


Figure  9.17:  Device  AV2  valve  cap  peak-peak  motion,  piston  peak-peak  motion,  and  device 
amplification  ratio  as  a  function  of  1kHz  sinusoidal  drive  voltage  levels.  Due  to  the  non-linear 
stiffness  of  the  valve  membrane  structure,  the  amplification  ratio  decreases  from  ~  50#  to  ~  40# 
as  the  drive  voltage  is  increased  to  900 Vpp. 


241 


Model  Correlation 


With  the  data  presented  in  the  previous  section,  model  correlation  efforts  were  pursued  to 
compare  these  results  to  the  expected  results  from  the  analytical  and  finite-element  models 
documented  in  the  first  series  of  chapters  in  this  thesis.  In  this  section,  the  high-voltage  quasi¬ 
static  performance  at  1kHz  is  correlated  to  model  expectation  using  the  full  non-linear  analytical 
active  valve  model  presented  in  Chapter  4.  Following  this,  the  low-voltage  frequency  response 
performance  is  correlated  to  the  predictions  from  the  active  valve  finite-element  model  presented 
in  Chapter  4,  as  well. 

1kHz  Quasi-Static  Correlation  Prior  to  comparing  results  for  the  1kHz  operating  condi¬ 
tions,  a  static  pressurization  test  was  performed  on  the  drive  element  structure  within  device 
AVI  to  determine  the  mechanical  stiffness  of  the  piezoelectric  material  elements.  In  this  test, 
the  pressure  within  the  hydraulic  amplification  chamber  was  increased  from  Phac  ~  0 kPa  to 
Phac  =  500k Pa  over  a  time  span  of  90  seconds,  and  the  displacement  of  the  drive  element 
piston  was  measured  in  real-time  using  the  laser  vibrometer  system.  In  response  to  this  500kPa 
pressurization,  the  piston  moved  through  a  displacement  of  0.90/wn.  With  this  result  and  with 
the  geometry  of  the  structure  presented  in  Figure  9.1,  the  Young’s  Modulus  of  the  PZN-PT 
material  was  determined  to  be  Ep  =  6.76 GPa.  This  value  is  74%  of  the  nominal  modulus 
(Ep  =  9.01  GPa)  given  by  the  manufacturer  [3]  and  assumed  for  active  valve  design  optimiza¬ 
tion  throughout  the  earlier  chapters  of  this  thesis.  It  should  be  stated  that  the  manufacturer’s 
material  data  sheet  [3]  quoted  the  modulus  within  only  ±20%,  and  as  a  result,  this  experimen¬ 
tally  determined  reduced  modulus  from  nominal  was  not  completely  unexpected.  In  the  model 
correlation  studies  that  follow,  the  effect  of  piezoelectric  material  Young’s  Modulus  variation 
is  evaluated.  Additionally,  as  presented  in  Chapter  1,  the  piezoelectric  coefficient  assumed  in 
the  active  valve  design  procedures  was  d33  =  2000 pC/N.  As  shown  in  Chapter  7,  in  evaluating 
performance  of  the  drive  element  devices,  the  actual  coefficient  for  high-voltage  behavior  of  this 
material  was  found  to  be  in  the  range  of  d33  =  1300  -  lSOOpC/N.  In  the  model  correlation 
studies  that  follow,  the  effect  of  piezoelectric  d33  variation  is  also  evaluated. 

Figure  9.18  plots  the  experimental  1kHz  sinusoidal  voltage  drive  data  for  devices  AVI  and 
AV2  against  theoretical  plots  obtained  from  the  full  valve  analytical  model.  The  operational 
conditions  for  these  tests  and  simulations  are:  a  bias  pressure  Pbia$  =  500 kPa,  a  frequency 
1kHz,  and  a  varying  applied  voltage  to  the  piezoelectric  material.  Shown  on  this  plot  are  a 
series  of  model  curves  that  span  the  range  of  d33  and  Ep  coefficients.  For  example,  Model 
Case  1  assumes  an  ideal  d33  =  2000 pC/N  and  an  Ep  =  9.01  GPa.  At  a  peak-peak  voltage 
of  VPtPP  =  600V,  for  example,  the  model  deflection  is  ZVC>PP  =  32.7 pm,  as  compared  to  the 
experimental  deflection  for  device  AVI  of  Zvcpp  =  23.1  and  for  device  AV2  of  Zvc  pi>  —  21.6. 
Reducing  the  piezoelectric  coefficient  to  d33  =  1500 pC/N  and  maintaining  Ep  =  9.01GPa 
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produces  the  curve  for  Model  Case  2.  A  sharp  reduction  in  valve  cap  deflection  is  observed. 
At  VPipp  —  600F,  the  model  deflection  is  ZVC)pp  =  27.5/zra.  Now,  reducing  the  modulus 
to  Ep  =  6.7 6GPa  for  the  expected  range  of  piezoelectric  coefficient  ^33  =  1300  —  1500 pC/N 
produces  Model  Case  3  and  Model  Case  4,  respectively.  These  are  the  curves  within  which 
the  experimental  data  should  lie,  since  the  and  Ev  coefficients  are  taken  from  previous 
experimental  studies.  For  Model  Case  3,  the  model  deflection  is  ZVC)pp  =  25.9 /im,  and  for 
Model  Case  4  the  model  deflection  is  ZVCipp  =  23.7 fim. 

In  observing  9.18(b),  the  piston  deflection  experimental  data  points  do  fall  within  these 
bounds.  The  experimental  valve  cap  deflection  data  points,  however,  lie  slightly  below  the  lower 
bound.  These  two  observations  indicate  that  the  drive  element  structure  is  well  characterized 
by  the  values  of  ^33  =  1300  —  1500 pC/N  and  Ep  =  6.76GPa.  The  lower  than  expected  valve 
cap  deflection  experimental  data,  in  comparison  to  the  models,  must  therefore  be  a  result  of 
additional  compliance  within  the  hydraulic  coupler  mechanism  itself.  Since  Chapter  7  validated 
that  the  valve  membrane  structures  correlate  extremely  well  with  the  non-linear  model  code, 
this  compliance  must  be  associated  with  either  the  fluid  itself  or  a  structural  compliance  of 
the  hydraulic  amplification  chamber  walls.  This  theory  is  supported  by  the  amplification  ratio 
data  shown  in  Figure  9.18(c),  where  the  amplification  ratio  as  a  function  of  applied  voltage  is 
slightly  less  than  model  predictions.  However,  all  amplification  ratio  data  indicate  very  good 
correlation  within  5  —  10%  of  model  predicitons. 

In  order  to  further  evaluate  the  issue  of  a  lower  than  modeled  fluid  bulk  modulus,  two 
further  model  correlation  cases  were  carried  out.  In  all  design  chapters  of  this  thesis,  the  fluid 
bulk  modulus  of  the  silicon  oil  was  assumed  to  be  Kf  —  2.0GPa  [4].  The  previous  plots  just 
discussed  assumed  this  value.  Depending  on  how  well  the  fluid  is  degassed  and  free  of  bubbles, 
this  value  could  be  substantially  lower.  To  evaluate  the  effect  of  a  reduced  fluid  bulk  modulus, 
Model  Case  4  was  repeated  (with  —  1300 pC/N  and  Ep  =  6.76GPa)  for  Kf  =  1.0 GPa 
and  Kf  —  0.5 GPa.  These  cases  are  label  Model  Case  5  and  Model  Case  6,  respectively.  As 
shown  in  Figure  9.19,  a  change  in  fluid  bulk  modulus  does  indeed  result  in  expectations  closer 
to  the  experimental  data.  Even  for  a  reduction  in  fluid  stiffness  of  4  times,  however,  the 
amplification  mechanism  still  performs  well.  This  is  a  result  of  the  fact  that,  in  general,  the 
fluid  is  stiff  enough  that  its  volume  reduction  during  pressurization  is  significantly  smaller  than 
the  actuation  volume  change  produced  by  the  drive  element  during  operation. 

These  model  correlation  studies  indicate  that  for  the  experimentally  determined  piezoelectric 
material  properties  ^33  ==  1300  -  1500pG/iV  and  Ep  —  6.76 GPa,  active  devices  AVI  and  AV2 
perform  very  close  to  model  predictions  for  quasi-static  operation  at  1kHz.  Slight  discrepancies 
in  performance  can  most  likely  be  attributed  to  a  smaller  than  expected  fluid  bulk  modulus  or 
equivalent  structural  compliance  within  the  hydraulic  amplification  chamber. 
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Figure  9.18:  Device  AVI  and  device  AV2  qua3i-static  1kHz  model  correlation  for  fluid  bulk 
modulus  Kf  =  2.0 GPa.  Results  indicate  the  piston  deflection  is  very  close  to  the  expected 
theoretical  bounds  for  d33  =  1300  -  lSOOpC/N  and  Ep  =  6.76 GPa.  Due  to  the  fact  that  the 
valve  cap  deflection  is  further  from  the  theoretical  bounds,  it  is  believed  that  fluid  compliance 
or  HAC  structural  compliance  is  creating  a  loss  mechanism. 
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(a)  Valve  Cap  Voltage  Dependance:  Fluid  Above  Valve  Cap,  Pbjas  =  500kPa,  Frequency  =  1  kHz 


Figure  9.19:  Device  AVI  and  device  AV2  quasi-static  1kHz  model  correlation  for  varying  fluid 
bulk  modulus  Kf.  Results  indicate  a  75%  reduction  in  the  fluid  bulk  modulus  would  enable 
good  correlation  between  experimental  and  theoretical  results. 
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Low- Voltage  Frequency  Response  Having  correlated  the  quasi-static  1kHz  high-voltage 
structural  behavior  of  the  microvalve  to  expected  results  based  on  the  analytic  models  presented 
in  this  thesis,  an  effort  is  now  made  to  understand  the  resonant  frequency  behavior  at  low- 
voltage.  The  1st  set  of  tests  on  device  AVI  and  device  AV2  determined  the  onset  of  resonance 
for  a  low-voltage  (OV  ±  5V)  sweep  signal  over  a  frequency  range  from  500Hz  to  100kHz.  These 
voltage  levels  were  used  to  ensure  that  non-linear  stretching  of  the  valve  membrane  structure 
did  not  occur.  Non-linearities  in  the  structure  would  create  a  stiffer  operational  regime  and, 
therefore,  a  corresponding  increase  in  the  frequency  at  which  “resonance”  occurs.  As  a  result, 
low-voltage  excitation  produces  a  conservative  estimate  for  resonant  behavior,  which  can  then 
be  used  to  determine  a  desirable  quasi-static  frequency  of  operation  for  the  valve.  Without 
fluid  above  the  valve  cap  and  membrane  structure,  devices  AVI  and  AV2  were  found  to  exhibit 
resonance  at  ~  10 kHz.  With  fluid  present  above  the  valve  cap  and  membrane  structure, 
resonance  was  observed  at  ~  5 kHz.  In  this  model  correlation  section,  an  effort  is  made  to 
correlate  the  active  valve  resonant  behavior  without  the  presence  of  external  fluid  to  theoretical 
expectations  based  on  the  finite-element  model  described  in  Chapter  4.  Furthermore,  an  effort 
is  made  to  estimate  the  effect  of  the  external  fluid  added  mass  on  the  active  valve  resonant 
frequency  and  to  correlate  this  effect  to  the  experimental  downward  shift  in  resonant  frequency 
from  ~  10 kHz  to  ~  5 kHz. 

Without  Fluid  Above  Valve  Cap  and  Membrane  An  axisymmetric  2-D  finite- 
element  model  was  built  for  this  correlation  study  with  no  fluid  present  above  the  valve  cap 
and  membrane.  This  model  incorporates  four-node  plane  elements  for  the  silicon  and  glass 
structural  parts  of  the  valve  and  4-node  acoustic  fluid  elements  for  the  liquid  contained  within 
the  hydraulic  amplification  chamber.  These  acoustic  elements  enable  fluid-structure  interaction 
between  the  fluid  and  the  surrounding  structure  of  the  HAC  chamber.  Sensitivity  analyses  were 
carried  out  to  evaluate  the  first  resonant  frequencies  of  the  coupled  system,  as  a  function  of 
variations  in  important  structural  parameters  and  material  properties.  The  parameters  inves¬ 
tigated  were  (1)  the  HAC  fluid  bulk  modulus  Kf,  (2)  the  valve  membrane  thickness  tvm,  (3) 
the  piezoelectric  material  stiffness  Ep,  (4)  the  HAC  fluid  chamber  height  tHAC,  (5)  the  bot¬ 
tom  support  plate  thickness  tbot,  and  (6)  the  top  structural  plate  thickness  ttop.  The  results  of 
these  sensitivity  analyses  are  shown  in  Figure  9.20.  In  each  analysis,  the  experimental  baseline 
design  for  the  active  valve  is  specified.  This  baseline  design  includes  the  following  values  for 
the  parameters  under  investigation:  Kf  =  2 GPa,  tvm  =  6pm,  E„  =  6.76GPa,  tbot  =  1000pm, 
ttop  =  1000pm,  and  tHAC  =  200pm.  With  these  baseline  parameter  values,  a  first  modal 
frequency  of  14.1kHz  was  determined.  This  theoretical  value  is  significantly  larger  that  the  ex¬ 
perimentally  determined  1st  modal  frequency  of  10kHz,  and  as  a  result,  the  sensitivity  analyses 
that  follow  are  meant  to  determine  why  this  is. 


246 


Figure  9.20(a)  shows  the  effect  of  reduced  bulk  modulus  on  the  valve  first  modal  frequency. 
The  active  valve  was  designed  assuming  a  fluid  bulk  modulus  value  of  Kf  —  2 GPa.  The 
previous  quasi-static  model  correlation  section  concluded  that  a  reduction  in  bulk  modulus 
down  to  Kf  =  0.5GPa  could  explain  the  voltage-valve  cap  deflection  performance  reduction 
seen  experimentally  at  1kHz.  From  this  modal  analysis,  however,  it  is  clear  that  this  reduction 
in  modulus  to  Kf  =  0.5 GPa  has  minimal  effect  on  the  1st  modal  frequency,  dropping  it 
only  to  13.7kHz.  In  fact,  a  reduction  to  Kf  =  0.02 GPa  is  required  to  bring  the  1st  modal 
frequency  down  to  10kHz.  It  is  therefore  concluded  that  the  expected  fluid  bulk  modulus  value 
oiKf  =  0.5GPa  is  not  the  prime  reason  for  the  lower-than  expected  1st  modal  frequency. 

Figure  9.20(b)  shows  the  effect  of  valve  membrane  thickness  on  the  valve  first  modal 
frequency.  Based  on  the  valve  membrane  pressure-deflection  results  detailed  in  Chapter  8 
(for  which  there  was  excellent  correlation  between  theoretical  and  experimental  results  for 
tvm  =  6/zra),  it  is  quite  certain  that  the  valve  membrane  thickness  is  very  near  to  tvm  =  6 fim. 
Figure  9.20(b)  (solid  line)  shows  that  even  if  the  thickness  were  to  deviate  anywhere  within 
tvm  —  5  —  7/im,  the  effect  on  the  first  modal  frequency  would  be  quite  small.  It  is  therefore 
concluded  that  a  slight  deviation  in  valve  membrane  thickness  from  the  experimentally  verified 
value  of  tvm  =  6fj,m  would  not  be  sufficient  to  reduce  the  first  modal  frequency  from  14.1kHz 
to  10kHz.  Additionally,  the  dotted  line  in  this  plot  illustrates  the  first  modal  frequency  of 
the  stand-alone  valve  cap  and  membrane  structure  (with  no  fluid  in  contact  with  its  bottom 
surface)  as  a  function  of  valve  membrane  thickness.  One  observes,  in  this  case,  that  the  modal 
frequency  is  very  sensitive  to  valve  membrane  thickness.  The  important  observation  here  is 
that  the  presence  of  the  fluid  in  the  HAC  chamber  serves  to  reduce  the  modal  frequency  (from 
32.9kHz  for  the  stand-alone  valve  membrane  to  19.6kHz  for  the  active  valve  coupled  system) 
for  a  large  thickness  valve  membrane  (added  mass  effect  to  be  discussed  shortly)  whereas  for  a 
small  thickness  valve  membrane  the  presence  of  fluid  in  the  HAC  serves  to  increase  the  modal 
frequency  (from  8.7kHz  for  the  stand-alone  valve  membrane  to  12.6kHz  for  the  active  valve 
coupled  system).  This  illustrates  the  important  of  performing  full  fluid-structural  interaction 
analyses  to  predict  the  full  valve  modal  frequency  rather  than  estimating  this  modal  frequency 
based  on  just  one  of  the  stand-alone  structural  components  of  the  full  valve. 

Figure  9.20(c)  shows  the  effect  of  piezoelectric  material  modulus  Ep  on  the  the  valve  first 
modal  frequency.  In  Chapter  9,  this  Ep  value  was  experimentally  determined  to  be  6.76GPa.  It 
is  clear  from  this  plot  that  the  valve  modal  frequency  is  insensitive  to  slight  variations  (between 
Ep  —  6  —  SGPa)  in  this  value.  It  is  therefore  concluded  that  the  reduction  in  the  first  modal 
frequency  from  14.1kHz  to  10kHz  can  not  be  attributed  to  an  unexpected  value  of  Ep. 

Figures  9.20(d)  and  9.20(e)  illustrate  the  effect  of  the  top  and  bottom  structural  plate 
thicknesses  on  the  valve  first  modal  frequency.  It  makes  sense  that  if  the  bottom  structural 
plate  were  to  be  significantly  reduced  in  thickness,  then  the  drive  element  portion  of  the  valve 
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(a)  Sensitivity  to  Fluid  Bulk  Modulus 


(c)  Sensitivity  to  Piezoelectric  Material  Stiffness  E 

p 


Piezoelectric  Material  Youngs  Modulus  Ep  (GPa) 


(b)  Sensitivity  to  Valve  Membrane  Thickness 


(d)  Sensitivity  to  Bottom  Structural  Plate  Thickness 


Bottom  Structural  Plate  Thickness,  t^  (pm) 


(e)  Sensitivity  to  Top  Structural  Plate  Thickness 


Top  Structural  Plate  Thickness,  t  (pm) 


(f)  Sensitivity  to  HAC  Fluid  Chamber  Height 


Figure  9.20:  Finite-element  active  valve  modal  frequency  sensitivity  studies  for  (a)  the  HAC 
fluid  bulk  modulus  Kf,  (b)  the  valve  membrane  thickness  tvm,  (c)  the  piezoelectric  material 
stiffness  Ep,  (d)  the  HAC  fluid  chamber  height  tnACi  (e)  the  bottom  support  plate  thickness 
hot ,  and  (f)  the  top  structural  plate  thickness  ttop- 
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would  become  much  softer  than  in  the  baseline  design,  and  the  full  valve  modal  frequency 
could  be  expected  to  drop.  This  phenomenon  is  observed  in  Figure  9.20(d).  Likewise,  if  the 
top  structural  plate  were  to  be  significantly  reduced  in  thickness,  the  HAC  structural  chamber 
would  become  much  softer  than  in  the  baseline  design,  and  the  full  valve  modal  frequency 
could  be  expected  to  drop.  This  phenomenon  is  observed  in  Figure  9.20(e).  In  the  active  valve 
devices  experimentally  tested  in  this  thesis,  however,  the  thicknesses  of  these  two  plates  are 
well-characterized  to  each  have  a  thickness  of  at  least  1000 /xm.  Therefore,  it  is  concluded  that 
the  top  and  bottom  plate  thicknesses  do  not  contribute  to  the  reduction  in  the  active  valve  first 
modal  frequency  from  14.1kHz  to  10kHz. 

Figure  9.20(f)  shows  the  effect  of  the  HAC  fluid  chamber  height  tnAC  on  the  the  valve 
first  modal  frequency.  The  plot  illustrates  that  the  modal  frequency  is  extremely  sensitive  to 
a  reduction  in  this  chamber  height  from  the  baseline  design  value  of  tnAC  =  200 fim  (where 
the  first  modal  frequency  is  14.1kHz)  to  a  smaller  value  of  tuAC  —  50/xm  (where  the  1st  modal 
frequency  is  9.2kHz).  The  reason  for  this  significant  frequency  reduction  as  the  chamber  height 
is  reduced  is  the  presence  of  inertial  coupling  between  the  moving  drive  element  piston  and  the 
adjacent  glass  surfaces  that  form  the  top  of  the  HAC  chamber.  A  comprehensive  discussion  of 
inertia  coupling  is  found  in  Blevins  [5].  The  following  excerpt  is  taken  from  [5]: 

As  a  cross  section  accelerates  in  a  fluid,  pressure  gradients  will  be  generated  in 
the  surrounding  fluid.  These  pressure  gradients  can  exert  fluid  forces  on  adjacent 
structures.  If  the  adjacent  structures  are  not  rigid,  they  will  in  turn  deflect  and 
generate  forces  on  the  accelerating  cross  section.  This  interaction  between  adja¬ 
cent  elastic  structures  is  called  inertial  coupling.  Inertial  coupling  increases  as  the 
distance  between  structures  decreases.  Inertial  coupling  can  significantly  affect  the 
natural  frequencies  and  mode  shapes  of  [closely-packed  structures]  if  the  density  of 
the  surrounding  fluid  is  comparable  to  or  larger  than  the  average  density  of  the 
[structures].  Blevins ,  p.^03 

Prior  to  assembly  of  devices  AVI  and  AV2,  the  chamber  height  tuAC  of  these  devices  was 
measured  to  be  ~  200 fim.  However,  the  geometry  of  the  glass  layer  that  forms  this  chamber 
is  significantly  more  complex  (see  valve  structure  shown  in  Figure  9.1)  than  just  having  a 
volume  of  fluid  200 \xm  in  height  above  the  drive  element  piston  and  beneath  the  valve  cap 
and  membrane.  In  reality,  a  series  of  fluid  channels  exists  (termed  “HAC  Through  Holes” 
and  “HAC  Radial  Channels”  in  Figure  9.1)  through  this  glass  layer  to  allow  fluid  to  couple 
the  piston  motion  to  the  valve  membrane  motion.  During  the  design  stages  of  the  active 
valve  device,  a  bottom  structural  stop  beneath  the  valve  cap  (at  Zvc  =  —16.5 fim)  was  set  as 
a  requirement.  These  channels  were  therefore  implemented  to  satisfy  this  requirement.  The 
heights  of  the  “HAC  Radial  Channel”  features  in  Layer  7  are  no  more  than  100/im,  and  as  a 
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result,  acceleration  of  fluid  in  these  channels  could  be  a  significant  inertial  coupling  effect.  Based 
on  these  arguments,  it  is  concluded  that  the  small-size  fluid  pathways  through  the  complex 
glass  Layer  6  HAC  chamber  are  the  most  probable  reason  for  the  reduction  in  active  valve 
modal  frequency  from  the  baseline  design  FEM  expectation  of  14.lfc.ffz  to  the  experimentally- 
determined  frequency  of  10kHz.  Future  valve  design  iterations  should  include  larger  tuAC 
chamber  heights  (ie:  tHAC  =  500pm)  with  no  complex  fluid  routing  pathways.  Eliminating  the 
presence  of  the  valve  cap  bottom  structural  stop  might  be  a  necessary  consequence. 

With  Fluid  Above  Valve  Cap  and  Membrane  The  previous  model  correlation  section 
determined  that  inertial  coupling  effects  between  the  accelerating  fluid  and  the  piston  structure 
within  the  HAC  chamber  were  the  most  likely  reason  for  the  lower-than  expected  active  valve 
first  modal  frequency,  when  no  fluid  was  present  above  the  valve  cap  and  membrane  structure 
of  the  valve.  Experimentally,  without  this  fluid  above  the  valve  cap  and  membrane,  the  first 
modal  frequency  was  found  to  be  ~  lOfcffz.  With  this  fluid  above  the  valve  cap  and  membrane, 
the  modal  frequency  was  found  to  be  ~  5 kHz.  The  following  section  attempts  to  explain  this 
downward  shift  in  valve  modal  frequency. 

The  conclusion  of  this  section  will  be  that  the  presence  of  fluid  above  the  valve  cap  and 
membrane  structure  serves  to  increase  the  effective  mass  of  the  valve  cap  and  membrane,  thereby 
reducing  the  overall  modal  frequency.  This  statement  is  consistent  with  a  discussion  found  in 
Blevins  [5]  concerning  the  effect  of  surrounding  fluid  on  a  circular  plate  in  vibration.  The 
following  excerpt  is  taken  from  [5]: 

As  an  elastic  plate  vibrates  in  a  fluid,  the  fluid  immediately  surrounding  the  plate 
is  set  into  motion  and  the  plate  will  radiate  sound  waves  into  the  far  field...  In 
general,  the  fluid  will  impose  both  added  mass  and  damping  forces  on  the  plate. 

The  added  mass  will  lower  the  natural  frequency  of  the  plate  from  that  which  would 
be  measured  in  a  vacuum,  and  the  damping  of  the  plate  will  be  increased.  Blevins, 

P-413 

Taking  as  an  example  a  circular  disk  with  radius  ra  exposed  on  one  side  to  an  inviscid 
compressible  fluid  of  density  pfiuid  (Blevins,  p.414),  the  added  mass  of  the  disk  for  acceleration 
perpendicular  to  the  plane  of  the  disk  can  be  estimated  as  Madded  =  §p/iu<rfr3.  For  a  back- 
of-the-envelope  calculation  on  the  valve  cap  and  membrane  in  the  active  valve,  let  ra  =  R,m. 
The  corresponding  added  mass  is  therefore  =  §(777^)(700/im)3  =  7.lle~7kg.  The 

baseline  mass  of  the  valve  cap  structure  is  Mvc  =  pSinR2vctvc  =  (2200^ )  7r(250pm)2  (300/im)  = 
1.30e-7fc<7. 

To  therefore  estimate  the  reduction  in  active  valve  first  modal  frequency  due  to  the  presence 
of  fluid  above  the  valve  cap  and  membrane,  the  finite-element  model  from  the  previous  section 
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Sensitivity  to  Valve  Cap  Added  Mass 


Figure  9.21:  Finite-element  modal  frequency  sensitivity  to  valve  cap  added  mass.  The  presence 
of  fluid  above  the  valve  cap  and  membrane  structure  creates  an  effective  added  mass  to  the 
coupled  structure  which  serves  to  reduce  the  first  modal  frequency  of  the  active  valve  device. 


was  run  with  a  modified  density  of  the  valve  cap  material  such  that  its  mass  was  equal  to 
MVCjTnodified  =  Mvc  -f  Madded  =  8.42e_7fc#  (an  increase  from  the  original  valve  cap  mass  of  6.5 
times).  In  this  comparison  study,  a  new  baseline  valve  design  was  chosen  to  include  a  fluid 
bulk  modulus  value  of  Kf  =  0.5GPo  and  an  HAC  chamber  height  of  tnAC  =  66/im  so  that  the 
first  modal  frequency  of  the  valve  without  the  added  mass  was  exactly  10.0kHz.  This  baseline 
FEM  model  therefore  matched  the  experimental  result  without  fluid  above  the  valve  cap  and 
membrane.  Now,  with  the  addition  of  the  added  mass  (x6.5),  the  first  modal  frequency  of 
the  valve  was  determined  to  be  7.8kHz  (a  22%  decrease  from  the  new  baseline  design  modal 
frequency  of  10.0kHz).  Figure  9.21  illustrates  the  theoretical  effect  of  added  mass  (from  xO.l 
to  xlO)  on  the  first  modal  frequency  of  the  active  valve  structure.  Over  this  range  of  added 
mass,  the  first  modal  frequency  is  affected,  but  not  substantially. 

For  the  active  valve  devices  tested  experimentally,  there  is  a  50%  reduction  in  the  first 
modal  frequency  (from  ~  10 kHz  to  ~  5 kHz)  due  to  the  presence  of  fluid  above  the  valve  cap 
and  membrane.  The  above  study  on  the  new  baseline  design  (in  which  a  22%  reduction  was 
calculated)  provides  for  an  added  mass  argument  that  also  applies  to  the  experimental  results, 
however,  this  value  of  added  mass  only  partially  reduces  the  first  modal  frequency  to  correlate 
with  the  experimental  results.  Since  this  added  mass  calculation  was  for  a  circular  plate  in 
an  infinite  fluid  medium,  and  since  in  the  real  active  valve  structure,  there  exist  structural 
surfaces  within  50-100/im  of  the  top  surface  of  the  valve  cap  and  membrane,  it  is  likely  that  the 
same  sort  of  inertial  coupling  effects  as  discussed  in  the  previous  section  are  coming  into  play. 
These  unmodeled  effects  could  potentially  cause  a  further  reduction  in  first  modal  frequency. 
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It  is  therefore  concluded  that  the  fluid  mass  (acceleration  and  inertia  effects)  above  the  valve 
cap  and  membrane  and  the  presence  of  the  flow  channel  structure  near  to  this  valve  cap  and 
membrane  provide  an  additional  mass  seen  by  the  active  valve  structure  as  it  vibrates,  thereby 
reducing  the  valve  first  modal  frequency  from  the  case  when  no  fluid  exists  above  the  valve 
cap  and  membrane.  Future  active  valve  design  iterations  should  more  thoroughly  evaluate  this 
added  mass  effect  on  valve  dynamic  performance.  The  recommendation  section  of  Chapter  10 
further  discusses  these  recommended  future  analyses. 

9.3.2  Testing  Section  2:  Active  Valve  Fluid  Flow  Regulation 

To  characterize  the  flow  regulation  capability  of  the  active  valve  devices  documented  in  this 
thesis,  a  series  of  tests  was  performed.  The  first  test  focused  on  experimentally  determining  the 
quasi-static  flow  rate  versus  valve  cap  opening  curves  for  varying  applied  differential  pressures 
Pj  -  P2  across  the  valve  orifice.  These  results  were  then  compared  to  predictions  based  on  the 
flow  models  developed  in  Chapter  5  of  this  thesis  and  based  on  [2].  The  second  test  evaluated 
the  flow  regulation  capability  of  the  active  valve  by  varying  the  duty  cycle  of  valve  opening 
at  a  prescribed  differential  pressure  Pi  -  P2  and  measuring  the  average  flow  rate  through  the 
valve  orifice.  The  third  test  evaluated  the  flow  regulation  capability  of  the  active  valve  at  a 
prescribed  operating  frequency  of  1kHz  for  increasing  differential  pressures  across  the  valve 
orifice.  Limitations  in  valve  performance  could  therefore  be  determined  as  this  differential 
pressure  was  increased.  For  each  of  these  tests,  an  estimate  of  the  measurement  error  is  included 
in  the  experimental  results  plots  detailed  in  this  section. 

Static  Flow  Tests 

To  determine  the  quasi-static  flow  rate  versus  valve  opening  curves  for  a  series  of  imposed 
differential  pressures  across  the  valve  orifice,  the  fluids  test-rig  (described  in  Chapter  6)  was 
used.  In  these  tests,  no  voltage  was  applied  to  the  piezoelectric  material.  Rather,  the  valve  cap 
position  was  controlled  by  regulating  the  pressure  Phac  to  the  hydraulic  amplification  chamber. 
For  a  given  test  run  at  a  desired  differential  pressure  Pi  -  P2,  PHAC  was  first  increased  to  move 
the  valve  cap  upward  against  the  fluid  orifice  (with  Pl  =  P2  =  0).  Pi  and  P2  were  then 
independently  increased  to  set  the  desired  differential  pressure  across  the  orifice.  In  order  to 
maintain  the  valve  cap  against  the  orifice,  Phac  was  varied  reeil-time  in  conjunction  with  the 
increases  in  Pi  and  P2.  With  the  proper  differential  pressure  set,  a  data  acquisition  system 
was  started,  into  which  the  valve  cap  displacement,  pressure  measurement  of  Phac ,  pressure 
measurement  of  Pi,  pressure  measurement  of  P2,  and  flow  sensor  measurement  Qavg  were  input. 
As  detailed  in  Chapter  6,  the  flow  rate  measurements  were  taken  using  a  calibrated  flow  orifice 
system. 
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Device  AVI:  Differential  Pressure-Flow  Correlation 


~i - r 

10  15  20 

Valve  Opening  (pm) 


Figure  9.22:  Model  correlation  to  device  AVI  quasi-static  fluid  flow  rate  versus  valve  opening 
behavior  for  differing  imposed  differential  pressures.  The  experimental  flow  rates  fall  approxi¬ 
mately  10  —  30%  short  of  predictions  based  on  the  empirical  work  of  others.  Error  bars  on  the 
data  indicate  estimates  of  measurement  error.  Two  flow  sensors  of  different  ranges  were  used  in 
these  experiments,  resulting  in  different  levels  of  measurement  error  for  lower  and  higher  flow 
rates.  These  measurement  errors  were  estimated  based  on  the  flow  sensor  calibration  errors, 
the  accuracy  of  the  applied  differential  pressure,  and  human  error  associated  with  controlling 
the  quasi-static  nature  of  the  experiments. 


In  order  to  obtain  quasi-static  flow  measurements  for  a  given  valve  cap  opening,  Phac  was 
decreased  slowly  over  a  period  of  approximately  10  minutes.  The  valve  cap  was  allowed  to  move 
through  its  full  stroke  of  30—33 pm.  The  time  constant  of  the  flow  orifice  sensor  was  on  the  order 
of  a  few  seconds,  and  therefore  this  measurement  procedure  enabled  quasi-static  measurements. 
Tests  were  performed  for  differential  pressures  of  Pi  —  P2  =  48kPa,  90kPa,  135kPa,  and  210kPa. 
For  each  test  run,  selected  points  were  chosen  to  plot.  Figure  9.22  overlays  these  experimental 
results  with  the  predicted  behavior  based  on  the  flow  models  used  in  Chapter  5  of  this  thesis. 
Since  the  Chapter  5  flow  models  are  based  on  a  compilation  of  empirical  work  from  other 
researchers,  the  line  of  predicted  behavior  in  Figure  9.22  is  understood  to  be  of  only  “limited 
accuracy”,  in  other  words,  it  is  not  based  on  exact  theory.  In  general,  this  comparison  shows  that 
the  predicted  behavior  based  on  the  empirical  work  of  others  overpredicts  the  flow  rate  behavior 
by  approximately  10  —  30%.  This  is  most  likely  due  to  differing  geometric  features  between 
the  orifice  structures  contained  within  the  empirical  results  and  the  valve  orifice  structure  in 
this  thesis.  Specifically,  since  the  empirical  results  are  based  on  macroscale  orifice  structures 
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with  rounded  and  filleted  features,  one  would  expect  better  flow  rate  capabilities  for  given 
applied  differential  pressure  and  valve  opening  than  in  the  microscale  valve  orifice  structure 
detailed  in  this  thesis,  which  possesses  comparatively  sharp  corners.  Furthermore,  at  small 
valve  openings,  the  flow  rate  appears  to  be  choked.  Only  when  the  valve  cap  reaches  an  " 
opening  of  ~  4 urn  does  the  fluid  really  begin  to  flow.  Based  on  this  data,  active  valve  device 
AVI  can  be  characterized  as  a  flow  control  device.  These  differential-pressure  flow  experiments 
were  performed  for  differential  pressures  up  to  Pi  -  P2  =  210J fcPo.  When  tested  to  differential 
pressures  greater  than  this  value,  interesting  oscillatory  behavior  of  the  valve  cap  structure 
occurred.  These  observations  and  the  corresponding  efforts  to  determine  the  cause  of  these 
phenomena  are  detailed  in  the  following  section. 

Self-Oscillatory  Behavior  of  Valve  Cap  During  Static  Flow  Tests 

The  original  objective  of  the  static  flow  tests  described  above  was  to  evaluate  the  differential 
pressure-flow  behavior  through  the  valve  orifice  for  Pi  -  P2  up  to  800kPa,  since  this  was  the 
designed-for  maximum  differential  pressure  to  be  experienced  in  a  complete  MHT  micropumping 
system.  However,  in  testing  the  valve  beyond  Pi  -P2  =  210fcPa,  self-oscillatory  behavior  of  the 
valve  cap  at  its  resonant  frequency  of  5kHz  was  observed  and  measured  (remember,  in  these 
tests,  there  is  no  actuation  of  the  piezoelectric  drive  elements  -  all  pressures  are  controlled  via 
external  regulators).  It  is  believed  that  this  oscillatory  behavior  may  be  induced  by  vortices 
and  unsteady  flow  phenomena  as  the  flow  transitions  from  the  laminar  to  the  turbulent  flow 
regime.  In  an  effort  to  evaluate  this  hypothesis,  the  following  experiments  were  carried  out. 

For  each  of  a  series  of  differential  pressures  (Px  -  P2  =  80kPa,  130kPa,  160kPa,  200kPa, 
230kPa,  240kPa,  305kPa,  and  360kPa),  the  valve  cap  was  controlled  to  slowly  open  from  its 
closed  position  using  the  same  procedure  as  for  the  static  flow  tests.  During  this  process,  the 
valve  opening  ZVCt0pening,  the  quasi-static  flow  rate  Qavg,  and  the  imposed  differential  pres¬ 
sure  Pi  —  P2  were  measured  real-time.  The  valve  orifice  geometry  is  shown  in  Figure  9.23. 
Numerous  data  points  were  selected  and  post-processing  operations  were  performed  to  cal¬ 
culate  the  Reynolds  number  of  the  flow  through  the  valve  orifice,  according  to  the  relation 
REDorifice  =  D~fj*re v'  Additionally,  an  “Instability  Value”  was  determined  for  each  data  point 
corresponding  to  the  behavior  of  the  valve  cap  as  it  opened.  The  three  types  of  valve  cap  be¬ 
haviors  observed  (using  the  laser  vibrometer  system)  during  these  tests  were  (1)  smooth  steady 
motion  of  the  valve  cap,  (2)  slightly  rough  motion  of  the  valve  cap  (but  always  with  negligible 
amplitude),  and  (3)  oscillatory  motion  of  the  valve  cap  at  a  frequency  of  5 kHz  and  with  peak- 
peak  displacement  of  3  -  4 nm.  Figure  9.24  displays  typical  displacement  signals  over  a  time 
period  of  10  ms  for  each  of  these  types  of  behaviors.  At  each  data  point,  an  Instability  Value 
of  1,  2,  or  3  was  assigned  for  each  of  the  respective  measured  behaviors.  Since  the  valve  cap 
structure  essentially  reacts  as  a  sensor  to  any  pressure  fluctuations  in  the  flow  channel  above 
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it,  these  assigned  Instability  Values  can  provide  some  insight  into  the  behavior  of  the  fluid  as 
it  flows  through  the  orifice. 

Figure  9.25  displays  an  example  test  run  for  the  case  of  Pi  —  P2  =  80A;Pa.  Plots  of  the  Insta¬ 
bility  Value  versus  ZVCj opening?  Pi  P2  versus  Zv c,openingi  Qavg  versus  Zvc^0peningj  and  REoorifice 
versus  ZVCj0pening  are  included.  Notice  that  since  the  Reynolds  number  is  proportional  to  the 
average  flow  rate,  the  Qavg  and  REoorifice  curves  in  Figure  9.25(c)  are  identical,  only  the  axes 
are  scaled  differently.  Additionally,  notice  that  Pi  —  P2  is  not  constant  over  the  length  of  the 
run.  During  the  testing,  it  was  very  difficult  to  maintain  the  differential  pressure  at  a  constant 
value.  For  this  test  case  of  Pi  —  P2  =  80fcPa,  the  valve  cap  smoothly  moves  through  an  opening 
trajectory,  up  to  approximately  ZVCj0pening  =  19 pm.  At  these  conditions,  the  valve  cap  dis¬ 
placement  begins  to  exhibit  a  slight  roughness  in  its  measured  displacement  (with  roughness 
amplitude  less  than  0.4pm),  but  continues  to  open  with  no  effect  on  valve  cap  position.  At 
Zvc.opening  =  28pm,  the  valve  cap  displacement  returns  to  smooth  behavior.  The  correspond¬ 
ing  Reynolds  numbers  for  these  transition  points  are  REoorifice  =  788  and  REoorifice  =  928, 
respectively.  In  Figure  9.25(a),  an  Instability  Value  of  1  represents  the  smooth  motion  of  the 
valve  cap.  An  Instability  Value  of  2  represents  slightly  rough  motion. 

In  order  to  obtain  some  understanding  of  the  relationship  between  the  valve  cap  behavior 
and  the  corresponding  REporificei  test  runs  were  carried  out  for  the  8  differential  pressure 
settings  detailed  above.  Figure  9.26  plots  the  Instability  Value  versus  ZVCj0pening  curve  for 
Pi  —  p2  =  80fcPa,  Pi  —  P2  =  130fcPa,  and  P\  —  P2  —  160fcPa  respectively  Figure  9.27  plots 
the  Instability  Value  versus  ZVC}0pening  curve  for  P\  —  P2  ~  200 kPa,  P\  —  P2  =  2300k Pa,  and 
Pi  —  P2  =  240fcPa  respectively.  Figure  9.28  plots  the  Instability  Value  versus  ZVCi0pening  curve 
for  Pi  —  P2  =  305A;Pa  and  Pi  —  P2  =  360fcPa  respectively.  In  observing  these  plots,  it  is 
clear  that  oscillatory  behavior  does  not  occur  until  the  case  of  Pi  —  P2  —  200&Pa.  Under  this 
differential  pressure,  at  a  value  of  ZVCj0pening  —  8pm,  the  valve  cap  experiences  a  transition  from 
smooth  motion  to  oscillatory  behavior  with  a  frequency  of  5kHz  and  a  peak-peak  displacement 
of  6  —  8 pm.  The  corresponding  Reynolds  number  for  this  transition  is  REoorifice  —  615.  At 
a  deflection  of  ZVC)0pening  =  19pm,  the  valve  cap  stops  oscillating  and  exhibits  only  slightly 
rough  behavior.  The  corresponding  Reynolds  number  for  this  transition  is  REoorifice  =  969. 
And  finally,  when  the  valve  cap  approaches  the  lower  valve  stop,  its  motion  once  again  becomes 
smooth,  most  likely  caused  by  interaction  with  the  solid  surface  below  it.  The  corresponding 
Reynolds  number  for  this  transition  is  REoorifice  —  2000.  Similar  behavior  is  observed  for 
larger  imposed  differential  pressures  as  well.  For  the  case  of  Pi  —  P2  =  360fcPa,  multiple 
transitions  between  smooth,  oscillatory,  and  rough  are  observed.  It  appears  as  though  upon 
separation  from  the  upper  valve  orifice  stop,  the  valve  cap  immediately  begins  to  oscillate.  It 
then  transitions  back  to  smooth  behavior  at  ZVCiOJ)ening  —  4.5 )um,  back  to  oscillatory  motion  at 
ZVCiopening  =  7.5pm,  back  to  smooth  motion  at  ZVC)OJ)ening  —  13 pm,  and  then  to  rough  behavior 
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at  ZVCi0pening  —  20 pm. 

To  better  understand  the  relationship  between  these  transition  behaviors  and  the  Reynolds 
number  at  which  they  occur,  all  8  plots  are  combined  in  Figure  9.29.  Regions  of  smooth, 
rough,  and  oscillatory  behavior  are  clearly  evident.  Figure  9.30  is  produced  by  estimating  the 
boundaries  between  these  regions  and  labeling  the  corresponding  REDorifice  values  at  these 
boundary  data  points.  In  this  plot,  the  distinct  regions  are  detailed.  Notice  that  a  transition 
to  rough  valve  cap  motion  occurs  for  Reynolds  numbers  between  REDorifice  =  800  -  1100. 
Additionally,  for  large  differential  pressures,  oscillatory  valve  cap  behavior  begins  typically  at 
REDorifice  —  500—600.  Since  rough  valve  cap  behavior  is  characterized  by  only  a  tiny  roughness 
in  the  displacement  response  (typically  peak-peak  displacement  of  less  than  0.4/im),  the  valve 
cap  itself  remains  in  a  stable  operating  condition.  It  is  only  when  large  amplitude  oscillatory 
response  occurs  that  the  valve  cap  becomes  unstable.  Figure  9.31  plots  this  stable  versus 
unstable  representation.  In  essence,  smooth  and  rough  valve  cap  behavior  have  been  grouped 
together  to  form  the  stable  regions.  Figure  9.32  plots  experimental  lines  of  constant  Reynolds 
number  over  the  data  points  for  all  8  test  cases  and  Figure  9.33  compares  these  lines  of  constant 
Reynolds  number  to  the  expected  lines  obtained  from  model  simulations  presented  in  Chapter 
4.  Notice  that  all  of  the  experimentally  determined  lines  of  constant  REDorifice  are  very  close 
to  the  theoretical  predictions  for  low  to  moderate  values  of  imposed  differential  pressure  (ie: 
up  to  Pi  —  P2  =  150 kPa).  Once  the  differential  pressure  is  increased  further,  experimental 
correlation  to  theory  is  still  good  for  low  valve  openings  (lines  of  constant  REDorifice= 400,  500, 
800),  however  the  experimental  lines  of  larger  constant  REDorifice  =  1000,1500,2200  begin  to 
bend  more  sharply  upward  from  the  theoretical  predictions.  This  bending  is  directly  in  relation 
to  the  region  of  oscillatory  behavior,  which  is  bounded  by  a  value  of  REDorifice  1000-1100 
for  the  larger  differential  pressures.  If  one  were  to  conclude  that  the  measurements  of  smooth 
valve  cap  motion  correspond  to  a  laminar  flow  regime  and  that  the  slightly  rough  valve  cap 
motion  corresponds  to  a  turbulent  flow  regime,  it  could  therefore  be  argued  that  the  oscillatory 
behavior  of  the  valve  cap  structure  occurs  in  a  transition  regime  (characterized  by  REDorifice 
between  ~  500  and  ~  1100). 
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Section  A-A' 


Figure  9.23:  Schematic  of  valve  cap  and  membrane  orifice  structure.  For  the  active  valve 
geometry  tested  in  this  thesis,  D orifice  =  500/im,  ZVC}0pening  =  0—30 /im,  and  Hchannel  ~  100 fim. 
Notice  that  the  fluid  flows  radially  outward  over  valve  membrane,  primarily  to  one  side  of  the 
structure.  The  other  side  is  blocked. 
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Time  (s) 

Figure  9.24:  Representative  displacement  signals  corresponding  to  stable  and  unstable  valve  cap 
behavior  during  quasi-static  opening:  (a)  smooth  displacement  response  (Instability  Value=l), 
(b)  slightly  rough  displacement  response  (Instability  Value=2),  characterized  by  random  peak- 
peak  motion  less  than  0.4/xm,  and  (c)  oscillatory  response  characterized  by  3  -  4 \im  peak-peak 
oscillations  at  5kHz  (Instability  Value— 3). 
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(a)  Device  AVI ,  Quasi-Static  Row:  P1-P2=80kPa 


Figure  9.25:  Representative  plots  for  valve  cap  behavior,  differential  pressure,  and  flow  rate 
during  quasi-static  opening  for  Pi  —  P2  =  80 kPa.  The  valve  cap  opening  motion  transitions 
from  smooth  behavior  to  rough  behavior  at  a  deflection  of  Zvc^opening  =  19/xm  and  transitions 
back  to  smooth  behavior  at  a  deflection  of  ZVCi0pening  =  28 fj,m. 
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(a)  Device  AVI,  Quasi-Static  Flow:  P1-P2=80kPa 


(b)  Device  AVI ,  Quasi-Static  Row:  P1-P2=130kPa 


(c)  Device  AVI ,  Quasi-Static  Flow:  P1-P2=160kPa 


Figure  9.26:  Valve  cap  Instability  Values  during  quasi-static  opening  for  P\  -  P2  ~  80 kPa, 

pi~  p2  =  130&Pa,  and  Px  -  P2  =  160 kPa.  Corresponding  Reynolds  numbers  are  labeled  at 
the  transition  locations. 


(a)  Device  AVI,  Quasi-Static  Flow:  P1-P2=200kPa 


Figure  9.27:  Valve  cap  Instability  Values  during  quasi-static  opening  for  Pi  —  P2  =  200£Pa, 
Pi  —  P2  =  230fcPa,  and  Pi  —  P2  =  240fcPa.  Corresponding  Reynolds  numbers  are  labeled  at 
the  transition  locations. 


Figure  9.28:  Valve  cap  Instability  Values  during  quasi-static  opening  for  P\-P2  -  305 kPa  and 
■^*1  —  =  360fcPa.  Corresponding  Reynolds  numbers  are  labeled  at  the  transition  locations. 
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Device  AVI ,  Quasi-Static  Flow:  Mapped  Valve  Cap-Flow  Behavi  or,  RE_Dorifice 
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Figure  9.30:  Estimated  boundaries  for  smooth,  rough,  and  oscillatory  regions  plotted  as  P1—P2 
vs.  ZVC}0pening .  Corresponding  transition  Reynolds  numbers  are  displayed  along  these  boundary 
lines. 
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Figure  9.31:  Estimated  boundaries  for  unstable  and  stable  regions  plotted  as  Pi  —  P2  vs. 
Zvc, opening*  Corresponding  transition  Reynolds  numbers  are  displayed  along  these  boundary 
lines. 
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The  presence  of  a  transition  regime  between  laminar  and  turbulent  flow  for  the  experimental 
data  can  be  further  illustrated  by  plotting  the  data  in  a  different  way.  Typically,  in  character¬ 
izing  the  physical  sections  of  a  fluid  system  (ie:  a  constant  area  pipe,  a  bend,  an  orifice,  etc), 
a  fluid  resistance  coefficient  for  each  of  the  sections  can  be  defined.  This  resistant  coefficient  £ 
is  defined  as  the  total  pressure  lost  through  the  flow  section  divided  by  the  dynamic  pressure 
within  the  flow  section  [7],  written  in  equation  form  as 


C=T 


A  P 


2PfMdUtocal 


(9.1) 


where  A P  is  the  pressure  drop  through  the  flow  section  (in  the  case  of  the  valve  orifice 
AP  =  P1-P2)and  uiocai  is  the  fluid  velocity  through  the  section  (in  the  case  of  the  valve  orifice 
utocai  —  ~A~f~  —  nD'i  5  )■  A  universal  method  for  observing  the  transition  between  laminar 
and  turbulent  flow  in  a  physical  section  of  a  flow  system  is  to  plot  this  flow  resistance  coefficient 
C  versus  the  Reynolds  number  in  that  section  (in  the  case  of  the  valve  orifice  REDorifice).  Figure 
9.34,  taken  from  [7],  shows  an  example  of  this  type  of  plot  for  a  generic  fluid  orifice  contraction 
section  of  a  fluid  system,  where  the  quantity  defines  the  geometric  contraction  ratio.  Notice 
that  for  low  Reynolds  number,  <  is  inversely  proportional  to  RE  (laminar  flow  regime)  whereas 
for  large  RE,  <  is  independent  of  RE  (turbulent  flow  regime).  In  between  these  two  regions  is 
defined  the  transition  regime  where  the  flow  transitions  from  laminar  to  turbulent. 


Figure  9.34:  Plot  of  flow  resistance  coeflkient  C  versus  Reynolds  number  for  a  generic  flow  orifice 
contraction  structure  [7],  The  laminar  flow  regime  is  characterized  by  an  inversely  proportional 
relationship  between  (  and  Reynolds  number  whereas  the  turbulent  flow  regime  is  characterized 
by  no  relation  between  £  and  RE.  Transition  occurs  between  these  two  regimes. 


268 


For  laminar  fluid  flow  through  an  orifice,  the  flow  rate  is  proportional  to  the  applied  differ¬ 
ential  pressure  ( Qav„  oc  A P)  [2]  [7],  whereas  for  turbulent  flow  the  flow  rate  is  quadratically 

-  * 

related  to  the  differential  pressure  ( QaVg  oc  vA P)  [2]  [7].  Substituting  these  pressure-flow 
relations  into  9.1,  it  can  be  determined  that  in  the  laminar  flow  regime  £  is  inversely  propor¬ 
tional  to  the  Reynolds  number,  and  that  in  the  turbulent  flow  regime  (  is  independent  of  the 
Reynolds  number.  This  is  consistent  with  Figure  9.34.  Therefore,  for  the  experimental  data  in 
this  thesis,  a  plot  similar  to  Figure  9.34  should  be  able  to  be  created,  where  the  slope  of  the  ( 
curve  transitions  from  a  negative  value  to  a  value  of  zero  as  REDorifice  increases.  In  doing  this, 
a  determination  as  to  whether  the  oscillatory  valve  cap  behavior  correlates  to  the  transition 
between  the  laminar  and  turbulent  flow  regimes  can  be  obtained.  To  evaluate  this  hypothesis, 
the  experimental  data  is  replotted  as  Corifice  versus  RE  Dor  if  ice  in  Figure  9.35. 


Device  AVI:  Loss  Coefficient  vs.  Orifice  Reynolds  Number 


Figure  9.35:  Device  AVI  estimated  laminar,  transition,  and  turbulent  flow  regimes  as  a  function 
of  REporifice  based  on  experimental  data.  Laminar  regime  is  characterized  by  £  oc  mREDlrificc 
and  turbulent  regime  is  characterized  by  (  being  independent  of  RE  Dor  if  ice*  The  majority  of 
oscillatory  data  points  occur  within  estimated  boundaries  of  this  transition  regime. 


Notice  that,  indeed,  for  increasing  REDorifice  from  0  to  500,  C  monotonically  decreases, 
and  for  increasing  REDorifice  fr°m  1100  to  2500,  £  remains  constant.  One  may  notice  that  the 
points  above  REDorifice  —  1100  contain  both  smooth  and  rough  valve  cap  behavior.  Due  to  the 
fact  that  the  differentiation  between  smooth  and  rough  was  a  difficult  task,  it  could  be  that  in 
reality  the  smooth  data  points  were  mistaken  for  rough  behavior.  However,  the  important  data 
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points  of  oscillatory  behavior  were  clearly  differentiable  from  both  smooth  and  rough  behavior 
and  therefore  there  is  no  question  as  to  their  validity.  These  observations  indicate  the  presence 
of  reasonably  well-defined  laminar  and  turbulent  flow  regimes  within  the  experimental  results. 
Furthermore,  the  vast  majority  of  the  oscillatory  data  points  lie  within  the  region  between 
REDorifice  =  500  and  REporifice  =  1100.  Based  on  these  results,  it  can  be  argued  that  the 
oscillatory  behavior  of  the  valve  cap  is  directly  related  to  the  presence  of  transition  between 
laminar  and  turbulent  flow  in  the  valve  orifice. 

The  following  question  must  now  be  addressed:  Does  this  conclusion  that  valve  cap  os¬ 
cillatory  behavior  is  related  to  the  transition  between  laminar  and  turbulent  fluid  flow  mate 
sense?  This  question  is  answered  through  a  discussion  of  laminar,  turbulent,  and  transitional 
flow  regimes  based  on  literature  contained  within  the  fluids  mechanics  community. 

As  detailed  in  the  fluid  modeling  portion  of  Chapter  5,  the  valve  cap  and  orifice  structure 
consists  of  two  physical  flow  sections  in  series:  a  contraction  section  followed  by  an  expansion 
section.  Both  of  these  types  of  flow  sections  result  in  the  formation  of  vortices,  the  severity 
of  which  increases  as  the  Reynolds  number  grows  larger.  Figure  9.36  (a)  and  (b)  illustrate 
schematics  of  a  typical  fluid  expansion  section  and  a  fluid  contraction  section,  respectively,  and 
the  corresponding  regions  where  vortices  are  present  [7].  In  general  as  fluid  passes  through  these 
sections,  the  fluid  boundary  layers  present  upstream  of  the  section  are  not  able  to  remain  intact 
in  passing  through  the  section.  Shear  layers  form  where  the  boundary  layers  separate  from  the 
original  structural  surfaces,  and  these  shear  layers  tend  to  roll  up  in  swirling  vortices,  which 
create  unsteady  forces  on  any  surrounding  structure  [5]  (such  as  the  valve  cap  and  membrane 
in  the  active  valve). 


(a)  (b) 

Figure  9.36:  Schematic  of  vorticity  formation  in  contraction  and  expansion  fluid  flow  sections 
[7]:  (a)  expansion  section,  (b)  contraction  section. 


This  unsteady  forcing  is  further  enhanced  if  the  flow  is  experiencing  transition  between 
laminar  and  turbulent  behavior.  In  general,  laminar  viscous  flow  is  characterized  by  smooth 
and  steady  fluid  motion,  whereas  turbulent  flow  is  characterized  by  continuous  and  almost 
random  fluctuation  in  the  velocities  of  the  fluid  particles.  Both  regimes  have  been  studied  for 
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a  wide  variety  of  flow  geometries.  Laminar  flow  theory  is  mathematically  understood  for  many 
of  these  geometries.  Turbulent  flow  behavior,  however,  is  primarily  an  experimentally  observed 
fact,  which  can  be  analyzed  only  through  statistical  understanding  [8].  The  transition  between 
these  two  regimes  is  understood  hardly  at  all.  The  transition  regime  is  defined  as  the  change 
(over  space,  time,  and  a  certain  Reynolds  number  range)  of  a  laminar  flow  into  a  turbulent 
flow.  Figure  9.37  illustrates  a  time  history  comparison  of  these  three  flow  regime  behaviors. 


Figure  9.37:  Laminar,  transition,  and  turbulent  representative  flow  behavior  [8]:  (a)  laminar 
flow,  (b)  transition  flow  characterized  by  intermittent  bursts  of  turbulent  flow,  and  (c)  turbulent 
flow. 

In  laminar  flow,  there  may  be  occasional  natural  disturbances  in  the  flow,  however,  they 
damp  out  very  quickly.  In  fully  turbulent  flow,  continuous  rapid  and  random  fluctuations 
are  present.  In  transition,  there  exist  sharp  bursts  of  turbulent  fluctuation  as  the  increasing 
Reynolds  number  causes  a  breakdown  or  instability  of  laminar  motion.  Transition  through  the 
valve  orifice  in  this  thesis,  therefore,  could  very  well  be  characterized  by  intermittent  increases 
and  decreases  in  the  intensity  level  of  the  vorticy  formation  through  the  orifice,  thereby  resulting 
in  a  significant  oscillation  of  the  forcing  on  the  valve  cap  and  the  compliant  valve  membrane 
structure.  It  is  this  vortex-induced  structural  interaction  between  the  fluid  flow  and  the  elastic 
valve  structure  that  could  be  setting  the  valve  cap  oscillations  into  motion. 

The  experimental  results  presented  in  this  section  have  provided  insight  into  the  approximate 
value  of  Reynolds  number  for  which  the  valve  cap  structure  begins  to  experience  unstable 
oscillatory  behavior.  In  the  valve  flow  regulation  experiments  that  follow,  results  will  first  be 
obtained  for  relatively  low  differential  pressure  situations  to  avoid  the  potential  for  valve  failure 
due  to  these  oscillations.  Once  flow  regulation  has  been  proved  at  low  differential  pressures, 
tests  will  then  be  performed  at  higher  differential  pressures  to  tests  the  limits  of  the  active  valve 
device  under  these  unknown  flow  regime  conditions. 
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Duty  Cycle  Flow  Regulation  Tests 

To  evaluate  the  capability  of  the  active  valve  to  regulate  flow  for  applied  voltage  to  the  piezo¬ 
electric  elements,  a  series  of  varying  duty  cycle  test  runs  were  carried  out  for  an  imposed 
differential  pressure  across  the  valve  orifice  of  Px  -  P2  =  35 kPa.  This  low  differential  pressure 
was  chosen  to  ensure  flow  regimes  that  do  not  excite  valve  cap  oscillatory  behavior.  For  each 
duty  cycle  run,  the  valve  cap  motion  was  controlled  between  a  minimum  valve  cap  absolute 
displacement  (from  its  equilibrium  position)  of  Zvc  =  4.0 fim  to  a  maximum  valve  cap  absolute 
displacement  of  Zvc  =  11.5 fim.  Since  the  valve  orifice  is  located  a  distance  of  16.5 \im  above  the 
equilibrium  position  of  the  valve  cap,  it  can  be  stated  equivalently  that  the  valve  cap  opening 
was  controlled  between  a  minimum  opening  of  ZVCj opening  =  5 fim  to  a  maximum  opening  of 
ZvCjOpening  —  12.5 fim.  Duty  cycle  voltage  waveforms  from  zero  to  100  were  applied  to  the  active 
valve  such  that  the  resulting  valve  cap  motions  shown  in  Figure  9.38  were  obtained.  A  duty 
cycle  of  zero  means  that  the  valve  cap  was  maintained  constantly  at  its  minimum  opening  of 
Zvc}opening  —  5 pm.  and  a  duty  cycle  of  100  means  that  the  valve  cap  was  maintained  constantly 
at  its  maximum  opening  of  ZVCt0pening  =  12.5 pm.  A  duty  cycle  of  30,  for  example,  means 
that  the  valve  cap  was  effectively  held  at  its  minimum  opening  for  70%  of  the  cycle  and  at  its 
maximum  opening  for  30%  of  the  cycle. 

The  results  of  these  tests  are  shown  in  Figure  9.39.  As  the  duty  cycle  is  increased  from  zero 
to  100,  the  average  flow  rate  through  the  valve  orifice  increases  monotonically,  thereby  proving 
that  the  valve  device  is  capable  of  regulating  flow.  Using  the  simulation  tools  detailed  in  Chapter 
5  of  this  thesis,  predicted  results  for  the  flow  rates  were  calculated.  These  are  overlayed  with 
the  experimental  results  in  Figure  9.39.  The  comparison  indicates  that  for  reasonable  valve 
openings,  the  measured  flow  rate  correlates  quite  well  with  the  model  predictions.  However, 
for  small  valve  openings  near  Zvc> opening  =  5 pm,  the  measured  flow  rate  is  significantly  less 
than  predicted.  In  essence,  the  flow  appears  to  be  choked  more  than  expected  at  small  valve 
openings.  This  observation  agrees  with  the  results  at  small  valve  openings  of  the  quasi-static 
flow  rate  versus  valve  opening  curves  discussed  previously.  As  discussed  in  the  previous  static 
flow  test  section,  since  the  Chapter  5  flow  models  are  based  on  a  compilation  of  empirical  work 
from  other  researchers,  the  lines  of  predicted  behavior  in  Figure  9.39  are  understood  to  be  of 
only  “limited  accuracy”,  in  other  words,  they  are  not  based  on  exact  theory.  In  addition  to 
modeling  the  case  of  a  controlled  valve  opening  of  Zvc>0fening  =  5  -  12.5pm,  model  predictions 
for  a  controlled  valve  opening  of  Zvc>opening  =  7-  14.5pm  and  a  controlled  valve  opening  of 
Zvc, opening  -  8.5  -  16.5pm  were  also  determined.  These  results  are  also  shown  in  Figure  9.39 
to  convey  the  sensitivity  of  the  offset  valve  opening  on  flow  rate  through  the  orifice.  Shifts  of  a 
just  a  few  pms  in  the  opening  direction  within  the  flow  models  result  in  significantly  increased 
flow  rate  values. 
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Time  (ms) 


(b)  Device  AVI:  Duty  Cycle  Controlled  Motions  of  Valve  Cap 


(c)  Device  AVI:  Duty  Cycle  Controlled  Motions  of  Valve  Cap 


Figure  9.38:  Device  AVI  valve  cap  time  histories  under  different  duty  cycle  voltage  waveforms 
to  piezoelectric  drive  element.  The  valve  cap  is  controlled  to  reach  a  maximum  valve  cap 
displacement  of  Zvc  —  12.5 fim  and  to  reach  a  minimum  valve  cap  displacement  of  Zvc  =  Afirn. 
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AVI  Duty  Cycle  Flow  Regulation  Tests 
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Figure  9.39.  Device  AVI  model  correlation  to  experimental  flow  rate  results  for  varying  duty 
cycle  inputs.  Comparison  illustrates  good  correlation  for  larger  valve  openings.  For  small 
opening,  the  flow  appears  choked.  Error  bars  on  the  data  indicate  the  measurement  error, 
which  was  estimated  based  on  the  flow  sensor  calibration  error  and  the  accuracy  of  the  applied 
differential  pressure. 


1kHz  Flow  Regulation  Tests  at  Increasing  Differential  Pressure 

To  evaluate  the  capability  of  the  active  valve  device  to  regulate  flow  at  1kHz,  a  series  of 
tests  was  carried  out  for  increasing  differential  pressures  across  the  valve  orifice.  In  addition  to 
proving  flow  regulation  at  1kHz,  a  further  purpose  of  this  study  was  to  determine  the  maximum 
differential  pressure  across  which  the  valve  could  operate.  Since  the  magnitude  of  the  unstable 
oscillatory  behavior  observed  for  the  static  flow  tests  at  differential  pressures  greater  than 
pi~p2  =  210  kPa  was  no  more  than  3  -  4pm  peak-peak,  it  was  hoped  that  by  operating  the 
active  valve  device  dynamically  at  1kHz  with  total  valve  cap  stroke  of  15  -  20 pm,  the  effect 
of  the  5kHz  oscillations  might  not  affect  the  overall  flow  regulation  capability  of  the  valve.  As 
such,  tests  were  performed  for  differential  pressures  in  excess  of  Pi  -  P2  =  210 kPa. 

Flow  regulation  tests  at  1kHz  were  performed  for  differential  pressures  Pi  -  P2  =  24kPa, 
95kPa,  145kPa,  200kPa,  260kPa,  and  340kPa.  By  controlling  Phac  with  respect  to  the  magni¬ 
tude  of  Pi  and  P2,  the  valve  cap  was  displaced  statically  upward  to  a  deflection  of  Zvc  =  11pm. 
A  sinusoidal  voltage  of  500Vpp  was  then  applied  to  the  piezoelectric  drive  element  at  1kHz 
to  actuate  the  valve  cap  upward  against  the  valve  orifice  and  downward  toward  the  original 
equilibrium  position  of  the  valve  cap.  In  all  test  runs,  it  was  desired  to  just  barely  close  the 
valve  cap  against  the  orifice  at  its  maximum  displacement,  and  to  maintain  Zvc  =  0  at  its 
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AVI  Dynamic  Flow  Tests  at  1kHz:  Model  Correlation 


Figure  9.40:  Device  AVI  dynamic  flow  regulation  model  correlation  at  1kHz  for  varying  dif¬ 
ferential  pressures.  Correlation  is  good  over  range  of  differential  pressures.  Error  bars  on  the 
data  indicate  the  measurement  error,  which  was  estimated  based  on  the  flow  sensor  calibration 
error  and  the  accuracy  of  the  applied  differential  pressure. 


minimum  displacement.  In  others  words,  it  was  desired  to  always  ensure  a  valve  opening  stroke 
of  16.5fim.  Figure  9.40  plots  the  experimentally  measured  flow  rates  for  each  of  the  differential 
pressure  test  cases.  Because  of  the  difficulty  in  achieving  a  valve  cap  stroke  during  actuation  of 
ZVC)opening  =  16.5 jum,  the  actual  measured  stroke  of  the  valve  cap  during  actuation  is  printed 
inside  of  each  data  bar.  An  applied  voltage  of  500 Vpp  was  held  constant  for  all  of  these  test 
runs.  It  was  noticed  that  for  the  differential  pressure  case  of  Pi  —  P2  =  340A;Pa,  a  valve  cap 
stroke  of  13/zm  resulted,  rather  than  the  typical  16  —  17 fim  of  the  previous  test  cases.  It  was  be¬ 
lieved  in  this  case  that  the  piezoelectric  material  capability  may  have  been  affected  by  the  high 
pressure  excursions  (estimated  maximum  to  be  Phac  ~  600A;Pa)  within  the  HAC  chamber. 

Figure  9.40  also  plots  the  experimental  results  versus  the  model  expectations  obtained  using 
the  active  valve  simulation  tools  developed  in  Chapter  5.  Model  predictions  for  the  limiting 
cases  of  ZVCj0pening  =  13/xm  and  ZVC)0pening  =  17 fim  are  shown.  The  model  correlation  indicates 
that  the  active  valve  regulates  flow  in  excellent  correlation  with  the  model  predictions.  As 
discussed  in  the  previous  flow  testing  sections,  since  the  Chapter  5  flow  models  are  based  on  a 
compilation  of  empirical  work  from  other  researchers,  the  fine  of  predicted  behavior  in  Figure 
9.40  is  understood  to  be  of  only  “limited  accuracy”,  in  other  words,  it  is  not  based  on  exact 
theory.  Upon  carrying  out  a  subsequent  test  run  at  P1—P2  —  450 fcPa,  as  the  differential  pressure 
was  being  set  across  the  valve  orifice,  the  valve  cap  was  observed  to  begin  oscillating  (with  no 
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applied  piezoelectric  drive  element  voltage  at  this  point).  Very  quickly  afterword  (fractions 
of  a  second,  the  valve  cap  lodged  itself  permanently  against  the  bottom  orifice.  Subsequent 
efforts  to  move  the  valve  cap  upward  by  pressurizing  and  depressurizing  the  HAC  chamber 
resulted  in  a  1pm  amplitude  tilting  of  the  valve  cap.  Based  on  this  response,  it  is  believed 
that  the  valve  membrane  fractured  in  response  to  the  oscillatory  valve  cap  motion  caused  by 
unstable  transitional  flow  through  the  valve  orifice.  Because  this  device  failed  in  this  manner, 
experimental  testing  of  active  valve  device  AVI  was  concluded. 


9.4  Conclusions 

This  chapter  has  summarized  the  experimental  tests  performed  on  active  valve  devices  AVI 
and  AV2.  Both  devices  were  proven  to  successfully  operate  as  piezoelectrically-driven  hydraulic 
amplification  micro-actuator  structures.  For  applied  piezoelectric  voltages  up  to  600Vpp  at 
1kHz,  these  devices  demonstrated  amplification  ratios  of  drive  element  deflection  to  valve  cap 
deflection  of  40x-50x.  These  amplification  ratios  correlate  within  5  — 10%  of  the  model  expecta¬ 
tions.  Although  valve  cap  peak-peak  deflections  for  the  applied  voltage  levels  were  measured  to 
be  20  —  30%  lower  than  model  expectations  for  the  idealized  Ep  and  #£33  piezoelectric  material 
coefficients  used  in  the  design  optimization  chapters  of  this  thesis,  correlation  to  model  re¬ 
sults  that  incorporate  modified  piezoelectric  material  properties  based  on  proper  experimental 
characterization  of  the  material  is  within  5  -  10%. 

Flow  regulation  experiments  on  active  valve  device  AVI  proved  that  this  valve  structure  can 
successfully  regulate  fluid  flow  at  a  frequency  of  1kHz  for  valve  cap  peak-peak  displacements  of 
17pm  up  to  differential  pressures  of  260kPa.  For  this  condition,  a  peak  average  flow  rate  through 
the  device  of  0.21mL/s  was  obtained  under  a  sinusoidal  drive  voltage  of  500Vpp.  Additionally, 
quasi-static  differential  pressure-flow  rate  curves  were  measured  up  to  a  differential  pressure  of 
210kPa  for  the  full  range  of  valve  cap  stroke  up  to  33pm.  The  measured  flow  rates  were  10-30% 
lower  than  the  expected  flow  rates  based  on  the  models  presented  in  Chapter  4.  Self-oscillatory 
motion  of  the  valve  membrane  was  observed  for  various  combinations  of  valve  cap  opening  and 
differential  pressures  in  excess  of  210kPa.  The  nature  of  the  flow  behavior  (based  on  Reynolds 
number)  was  studied  for  a  variety  of  valve  opening  situations.  The  results  indicate  that  these 
self-excited  valve  cap  oscillations  were  most  probably  a  result  of  transitional  flow  (between 
laminar  and  turbulence)  through  the  valve  orifice  structure,  a  regime  which  limited  the  valve 
operation  to  relatively  low  differential  pressures  below  350kPa.  Overall,  this  piezoelectrically- 
driven  hydraulic  amplification  microvalve  was  successfully  proven  to  regulate  fluid  flow  through 
microscale  channels  at  high  frequency. 
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Chapter  10 


Conclusions  and  Recommendations 


This  chapter  summarizes  the  modeling,  design,  fabrication,  and  testing  research  presented 
in  this  thesis.  The  thesis  objectives  and  the  thesis  contributions  are  reviewed.  Conclusions 
are  drawn  based  on  the  results  presented  and  recommendations  for  future  work  are  detailed. 
Additionally,  it  is  the  purpose  of  this  chapter  to  evaluate  the  impact  of  these  thesis  results  on 
the  performance  capabilities  and  overall  future  of  Micro-Hydraulic  Transducer  systems. 

10.1  Summary  and  Conclusions 

10.1.1  Thesis  Summary 

The  primary  objective  of  this  thesis  was  to  develop,  from  the  initial  concept  stage  to  the 
experimental  testing  of  a  fabricated  device,  a  piezoelectrically  driven  hydraulic  amplification 
microvalve  for  high  frequency  control  of  high  pressure  fluid  flow.  This  research  was  carried 
out  through  a  series  of  modeling,  design,  fabrication,  assembly,  and  experimental  testing  tasks. 
This  work  demonstrated  the  valve  concept  and  evaluated  the  valve  performance  in  comparison 
to  behavior  predicted  by  the  models  developed  in  the  thesis. 

A  secondary  goal  of  this  thesis  was  to  provide  a  framework  of  linear  and  non-linear  structural 
modeling  tools  and  design  procedures  that  can  be  implemented  in  the  development  of  high 
frequency  piezoelectric  micropumping  and  microvalving  systems.  Additionally,  a  further  goal  of 
this  thesis  was  to  present  a  method  for  small-scale  bulk  piezoelectric  material  integration  within 
silicon  micromachined  thin-tethered  structures,  a  procedure  which  can  enable  the  realization  of 
compact  high-frequency  high-stiffness  hydraulic  actuator  structures. 

These  objectives  were  divided  into  two  major  sections  of  the  thesis.  The  first  section,  con¬ 
sisting  of  Chapters  1  through  5,  focused  on  the  conceptual  design  of  the  active  valve  structure, 
the  development  of  structural  modeling  tools  to  predict  the  important  linear  and  non-linear 
structural  behaviors  of  the  device  component  structures,  the  implementation  of  these  modeling 


279 


tools  within  an  active  valve  valve  simulation  architecture,  and  the  development  of  a  systematic 
design  procedure  that  can  be  used  to  generate  an  active  valve  geometry  based  on  external  hy¬ 
draulic  system  performance  requirements.  The  second  section,  consisting  of  Chapters  6  through 
9,  highlighted  the  fabrication  challenges  inherent  in  building  this  active  valve  device  and  defined 
the  fabrication  process  flow  for  the  assembly  of  the  device,  including  piezoelectric  material  inte¬ 
gration.  Additionally,  comprehensive  experiments  were  carried  out  to  experimentally  evaluate 
the  piezoelectric  drive  element  sub-component  structure,  the  valve  cap  and  membrane  sub¬ 
component  structure,  and  the  full  piezoelectrically-driven  hydraulic  amplification  microvalve 
device.  Each  of  the  chapters  is  summarized  below. 

Chapter  1  introduced  the  concept  of  the  piezoelectrically-driven  hydraulic  amplification 
microvalve  for  use  in  high  specific  power  hydraulic  pumping  applications.  High  frequency,  high 
force  actuation  capability  in  the  valve  is  enabled  through  the  incorporation  of  solid-state  bulk 
piezoelectric  material  elements  beneath  a  compact  and  stiff  structural  piston  mechanism.  High 
stroke  valve  motion  is  achieved  through  the  incorporation  of  a  hydraulic  amplification  chamber 
between  the  moveable  piston  structure  and  a  micromachined  valve  membrane.  This  enclosed 
fluid  chamber,  connecting  the  large  cross-sectional  area  piston  structure  to  a  smaller  cross- 
sectional  area  valve  membrane  structure,  enables  an  amplification  (40  -  50a:)  of  the  limited 
piezoelectric  material  stroke  into  a  significantly  increased  valve  membrane  and  valve  cap  de¬ 
flection.  These  design  features  enable  the  valve  device  to  simultaneously  meet  a  set  of  high 
frequency,  high  pressure,  and  large  stroke  requirements  that  have  not  previously  been  satisfied 
by  other  microvalves  presented  in  the  literature. 

Chapter  2  introduced  the  geometry  of  the  active  valve  device  and  detailed  the  important 
structural  elements  within  the  device  that  needed  to  be  accurately  modeled.  The  structural  de¬ 
formations  of  the  piezoelectric  material  elements,  the  drive  element  piston,  the  bottom  support 
structure,  the  hydraulic  amplification  chamber,  the  top  support  structure,  and  the  valve  cap 
and  membrane  structure  were  modeled  using  linear  plate  theory,  with  bending  and  shearing 
deformation  effects  included.  Additionally,  theoretical  studies  were  performed  to  demonstrate 
the  benefits,  by  stiffening  the  drive  element  piston  actuation  structure,  of  integrating  multi¬ 
ple  piezoelectric  material  elements  spread  out  beneath  the  drive  element  piston  rather  than 
integrating  just  a  single  centrally-located  material  element  beneath  the  piston.  These  studies 
provided  the  optimal  dimensional  spacing  of  the  three  piezoelectric  elements  beneath  the  drive 
element  piston  in  the  fabricated  and  experimentally  characterized  active  valve  devices  presented 
in  Chapter  9. 

Chapter  3  presented  the  development  of  a  numerical  code  to  model  the  large  deflection 
behavior  of  a  thin  annular  plate  structure  with  rigid  central  cap  under  pressure  loading.  The 
work  presented  in  this  chapter  was  based  on  a  finite-difference  scheme  developed  by  Su  [1],  This 
numerical  code  served  as  a  modeling  tool  for  use  in  the  full  active  valve  non-linear  model  and 
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system  simulation  presented  in  Chapter  4.  The  theory  was  specifically  developed  to  capture 
the  non-linear  stiffening  effects  present  in  the  valve  membrane  structure  of  the  active  valve. 
The  linear  plate  theory  representation  that  was  presented  in  Chapter  2  is  not  able  to  capture 
these  stiffening  effects.  A  series  of  valve  cap  and  membrane  geometries  and  pressure  loading 
scenarios,  characteristic  of  those  found  and  experienced  in  the  final  active  valve  device,  was 
presented  to  demonstrate  the  capabilities  of  this  modeling  tool  to  capture  the  large  deflection 
behavior  of  the  structure. 

Chapter  4  presented  a  complete  quasi-static  structural  model  of  the  active  valve.  This 
model  was  comprised  of  the  linear  and  non-linear  modeling  tools  presented  in  Chapters  2  and 
3,  respectively.  An  evaluation  of  the  assumptions  within  the  structural  model  was  performed 
through  a  series  of  comparison  studies  to  a  finite-element  model  of  the  active  valve  structure 
for  a  variety  of  loading  scenarios.  In  addition,  the  chapter  introduced  a  dynamic  simulation 
architecture  for  the  valve,  which  included  inertia  and  damping  associated  with  the  drive  element 
piston  and  valve  cap  structural  elements.  Calculation  of  the  coupled  fluid-structure  resonant 
valve  frequency,  based  on  finite-element  analyses,  was  also  presented.  The  predicted  resonance 
was  based  on  a  finite-element  model  that  did  not  include  the  added  mass  of  the  fluid  above  the 
valve  cap  and  membrane  structure.  As  a  result,  this  model  overpredicted  the  valve  resonant 
frequency  in  comparison  to  experimental  results  on  the  fabricated  valve  devices  detailed  in 
Chapter  9. 

Chapter  5  formulated  a  systematic  quasi-static  design  procedure  that  can  be  used  to  gen¬ 
erate  an  active  valve  geometry  based  on  external  hydraulic  system  performance  requirements. 
This  design  procedure  was  based  on  the  modeling  tools  and  simulations  developed  in  Chapters 
2,  3,  and  4  of  the  thesis.  Additionally,  the  procedure  incorporated  the  governing  fluid  flow 
relations  linking  the  valve  cap  motion  to  the  external  hydraulic  system  pressures  and  enabled 
variation  of  key  parameters  within  the  active  valve  geometry  (such  as  valve  membrane  thickness 
and  the  number  of  valve  membranes  used  in  parallel)  to  satisfy  predetermined  valve  membrane 
stress  limitations.  A  powerful  characteristic  of  the  systematic  design  procedure  is  the  ability  to 
monitor  the  stress  at  all  positions  along  the  valve  membrane  for  any  and  all  potential  pressure 
loading  scenarios  experienced  by  the  structure.  This  enables  the  designer  to  very  accurately 
predict  the  maximum  stress  that  the  valve  membrane  will  experience  during  its  full  actuation 
cycle  as  it  opens  and  closes  against  the  fluid  orifice.  As  a  check,  full  system  dynamic  simulations 
were  run  to  validate  the  goodness  of  the  valve  geometry  created  using  the  quasi-static  design 
procedure. 

Chapter  6  presented  an  overview  of  the  fabrication  challenges  encountered  and  the  solu¬ 
tions  implemented  in  the  development  of  the  active  valve  device.  These  challenges  included  the 
wafer-level  etching  of  the  drive  element  and  valve  membrane  structures,  the  wafer-level  silicon- 
to-silicon  and  silicon-to-glass  bonding  operations,  preparation  and  integration  of  the  piezoelec- 
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trie  material  elements  with  the  device,  die-level  assembly  and  bonding  procedures,  and  the 
filling  of  degassed  fluid  within  the  hydraulic  amplification  chamber  following  device  assembly. 
Additionally,  the  modeling  and  design  of  a  micromachined  high-resistance  fluid  channel  was 
documented  that  enabled  a  static  bias  pressure  to  be  imposed  on  the  hydraulic  amplification 
chamber  without  affecting  the  high-frequency  actuation  behavior  of  the  active  valve  device. 

Chapter  6  also  presented  a  detailed  sub-component  testing  plan  for  the  active  valve  struc¬ 
ture.  This  systematic  plan  separated  the  complete  active  valve  structure  into  manageable  sub¬ 
component  devices  according  to  the  primary  challenges  previously  detailed.  The  piezoelectric 
drive  element  sub-component  study,  whose  purpose  it  was  to  prove  the  ability  to  micromachine 
the  tethered  piston  structure  and  integrate  bulk  piezoelectric  material  beneath  the  piston,  and 
the  valve  cap  and  membrane  sub-component  study,  whose  objective  it  was  to  validate  the  non¬ 
linear  large  deflection  behavior  of  the  valve  membrane  structures,  were  outlined.  Additionally, 
the  full  active  valve  testing  plan  was  outlined. 

Chapter  7  presented  the  experimental  results  for  the  piezoelectric  drive  element  sub¬ 
component  study.  A  series  of  drive  element  devices  was  fabricated  in  an  effort  to  demonstrate 
that  both  standard  polycrystalline  PZT-5H  piezoelectric  material  as  well  as  higher-strain  single- 
crystal  PZN-PT  piezoelectric  material  could  be  incorporated  beneath  micromachined  piston 
structures.  An  additonal  goal  was  to  demonstrate  that  devices  with  three  piezoelectric  elements 
spread  out  beneath  the  drive  piston  could  be  manufactured  in  a  reliable  manner.  Quasi-static 
high-voltage  experimental  tests  were  performed  on  these  devices  at  a  frequency  of  15kHz  and 
dynamic  low-voltage  frequency  tests  were  carried  out  between  frequencies  of  10kHz  and  200kHz 
to  identify  modal  characteristics. 

The  results  indicated  that  the  procedure  formulated  in  Chapter  6  for  integrating  piezoelec¬ 
tric  material  elements,  both  PZT-5H  and  PZN-PT,  within  these  micromachined  structures  is 
repeatable.  All  devices  fabricated  experienced  a  tolerance  match  between  the  piezoelectric  ele¬ 
ments  and  the  surrounding  supporting  structures  within  ~  lpm,  thereby  ensuring  predictable 
push-up  of  the  piston  structure  during  assembly.  Drive  element  devices  incorporating  a  single 
piezoelectric  material  beneath  the  piston  experienced  modal  “1-0”  tilting  behavior  at  frequen¬ 
cies  as  low  as  30kHz.  Additionally,  quasi-static  actuation  of  the  devices  at  15kHz  and  lOOOVpp 
resulted  in  a  slight  tilting  of  the  piston  structures  as  they  moved  up  and  down  through  their 
actuation  cycles.  These  tilting  effects  were  attributed  to  imperfect  placement  of  the  piezoelec¬ 
tric  element  beneath  the  center  of  the  piston  and  to  non-uniform  fillet  radius  etch  profiles, 
characterized  through  microscope  measurements,  around  the  etched  tether  of  the  piston.  Drive 
element  devices  incorporating  three  piezoelectric  material  elements  experienced  negligible  tilt¬ 
ing  behavior  during  actuation  at  15kHz  and  lOOOVpp  due  to  the  enhanced  support  of  the  piston 
from  below.  For  these  devices,  modal  behavior  was  not  observed  until  frequencies  in  excess  of 
50kHz.  This  sub-component  study  successfully  demonstrated  the  capability  to  fabricate  and 
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assemble  these  component  structures  for  use  in  full  active  valve  devices. 

Chapter  8  presented  the  experimental  results  for  the  valve  cap  and  membrane  sub-component 
study.  A  series  of  valve  membrane  structures  was  fabricated  and  inspected  to  ensure  adequate 
fillet  radius  control  at  the  base  of  the  etched  features.  Pressure-deflection  experiments  were  car¬ 
ried  out  for  differential  pressures  across  the  structure  of  up  to  200kPa  in  an  effort  to  character¬ 
ize  its  non-linear  large  deflection  behavior.  Theoretical  studies,  using  the  non-linear  numerical 
tools  presented  in  Chapter  3,  were  carried  out  to  determine  deformation  and  membrane  stress 
sensitivities  to  valve  membrane  thickness  and  fillet  radius  size.  The  experimental  valve  cap 
deflections,  in  response  to  pressure  loading,  were  found  to  correlate  within  ~  5%  of  theorectical 
expectations.  The  valve  membranes  were  deflected  sufficiently  to  impact  the  valve  stop  in  glass 
Layer  6,  a  condition  which  results  in  a  predicted  membrane  stress  of  0.65GPa.  In  these  tests, 
no  membranes  fractured.  This  sub-component  study  successfully  demonstrated  the  capability 
to  fabricate  the  valve  cap  and  membrane  structure  required  in  the  full  active  valve  device  and 
verified  that  this  structure  behaves  as  predicted  in  its  non-linear  large  deflection  regime. 

Chapter  9  presented  the  experimental  results  of  the  full  active  valve  testing  study.  The 
goals  of  these  experiments  were  to  evaluate  the  quasi-static  and  dynamic  structural  performance 
of  the  active  valve  device  and  determine  some  initial  limitations  in  its  ability  to  regulate  fluid 
flow  against  imposed  differential  pressures.  For  the  purposes  of  this  study,  two  active  valve 
devices  were  built  and  experimentally  characterized.  Both  devices  were  proven  to  successfully 
operate  as  piezoelectrically-driven  hydraulic  amplification  microactuator  structures.  For  applied 
piezoelectric  voltages  up  to  600 Vpp  at  1kHz,  these  devices  demonstrated  amplification  ratios  of 
drive  element  deflection  to  valve  cap  deflection  of  40x-50x.  These  amplification  ratios  correlate 
within  5  —  10%  of  the  model  expectations.  Although  valve  cap  peak-peak  deflections  for  the 
applied  voltage  levels  were  measured  to  be  20  —  30%  lower  than  model  expectations  for  the 
idealized  Ep  and  piezoelectric  material  coefficients  used  in  the  design  optimization  chapters 
of  this  thesis,  correlation  to  model  results  that  incorporate  modified  piezoelectric  material 
properties  based  on  proper  experimental  characterization  of  the  material  is  within  5  —  10%. 

Flow  regulation  experiments  proved  that  this  valve  structure  can  successfully  regulate  fluid 
flow  at  a  frequency  of  1kHz  for  valve  cap  peak-peak  displacements  of  17 /xm  up  to  differential 
pressures  of  260kPa.  For  this  condition,  a  peak  average  flow  rate  through  the  device  of  0.21mL/s 
was  obtained  under  a  sinusoidal  drive  voltage  of  500 Vpp.  Additionally,  quasi-static  differential 
pressure-flow  rate  curves  were  measured  up  to  a  differential  pressure  of  210kPa  for  the  full 
range  of  valve  cap  stroke  up  to  33/im.  The  measured  flow  rates  are  10  —  30%  lower  than  those 
expected  based  on  the  models  presented  in  Chapter  4.  The  onset  of  transition  and  turbulent 
flow  regimes,  which  depending  on  the  valve  cap  opening  and  the  differential  pressure  could 
set  the  valve  cap  into  self-excited  oscillatory  motion,  was  identified  for  differential  pressures  in 
excess  of  210kPa.  The  nature  of  the  flow  behavior  (based  on  Reynolds  number)  was  studied 


283 


for  a  variety  of  valve  opening  situations.  The  results  indicate  that  these  self-.excited  valve  cap 
oscillations  were  most  likely  a  result  of  a  transition  flow  regime  between  laminar  and  turbulence 
through  the  valve  orifice  structure,  a  regime  which  limits  the  valve  operation  to  relatively  low 
differential  pressures  below  350kPa.  Overall,  though,  this  piezoelectrically-driven  hydraulic 
amplification  microvalve  has  been  successfully  proven  to  regulate  fluid  flow  through  microscale 
channels  at  high  frequency. 


10.1.2  Thesis  Contributions 

The  results  presented  in  this  thesis  support  the  following  conclusions,  which  address  the  primary 
objectives  of  this  research: 


1.  A  piezoelectrically-driven  hydraulic  amplification  microvalve  is  a  viable  concept  for  the 
regulation  of  high  differential  pressure  (>  300k Pa)  fluid  flows  at  high  frequency  (>  1  kHz), 
resulting  in  significant  fluid  flow  capability. 

2.  Integration  of  miniaturized  bulk  piezoelectric  materials  (with  dimensions  less  than  1mm 
x  1mm  x  1mm)  within  micromachined  thin-tethered  piston  structures  is  a  viable  method 
for  achieving  compact  high  frequency,  high  force  actuation  capability  in  microhydraulic 
systems. 

3.  Linear  and  non-linear  modeling  tools  for  the  design  of  active  valve  devices,  such  as  this  one 
which  incorporate  thin-membrane  valve  structures,  have  been  developed.  These  modeling 
tools  enable  accurate  monitoring  of  real-time  membrane  stress  levels  at  all  locations  along 
the  membrane  for  all  potential  pressure  loading  scenarios  experienced  by  the  structure. 


Although  performing  short  of  the  original  frequency  and  differential  pressure  design  spec¬ 
ifications  set  forth  at  the  beginning  of  this  thesis,  the  demonstrated  valve  capabilities  place 
this  device  superior  to  any  other  microvalve  presented  in  the  literature  (see  Chapter  1)  for 
simultaneously  meeting  a  set  of  high  frequency  (1-lOkHz),  high  pressure(O.l-lMPa),  and  large 
stroke  (15-40/jm)  requirements  for  regulating  liquid  fluid  flows  in  micro  hydraulic  systems.  It 
is  the  belief  of  this  author  that  future  design  iterations  could  be  successful  in  creating  a  mi¬ 
crovalve  structure  that  could  operate  at  a  frequency  of  10-15kHz  against  differential  pressures 
approaching  IMPa.  The  following  section  details  further  work  that  could  enable  this  design 
goal  and  addresses  the  question  “What  do  the  results  of  this  thesis  mean  to  the  overall  future 
of  high-specific  power  Micro- Hydraulic  Transducer  systems?”. 
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10.2  Recommended  Further  Work  and  the  Future  of  MHTs 


The  results  presented  in  this  thesis  have  identified  a  number  of  issues  and  areas  which  re¬ 
quire  further  development  and  investigation.  In  this  section,  these  issues  will  first  be  organized 
into  those  that  are  deemed  fundamentally  critical  for  the  development  of  the  next  genera¬ 
tion  piezoelectrically-driven  hydraulic  amplification  active  valve  to  meet  the  high  frequency 
(>10kHz)  and  large  differential  pressure  (~  IMPa)  requirements  set  forth  at  the  beginning  of 
this  thesis,  and  those  that  are  worth  investigating  as  a  means  to  make  modest  improvements 
in  device  performance  and  to  ease  manufacturibility  concerns.  Once  this  overall  list  has  been 
defined,  each  of  the  issues  will  then  be  discussed  in  detail. 

Based  on  the  results  of  this  thesis,  it  is  clear  that  a  piezoelectrically-driven  hydraulic  am¬ 
plification  microvalve  can  be  designed,  built,  and  successfully  operated  to  regulate  liquid  fluid 
flows.  The  valve  design  experimentally  characterized  in  this  thesis,  however,  fell  short  of  its 
operational  goals  in  two  primary  ways.  The  first  of  these  shortcomings  was  the  valve’s  low 
1st  modal  structural  frequency  (5kHz),  which  limited  valve  quasi-static  operation  frequency  to 
l-2kHz.  Since  the  original  design  goal  was  to  operate  this  valve  within  an  MHT  system  at 
a  frequency  of  at  least  10kHz,  it  can  be  stated  that  the  valve  severely  underperformed.  This 
is  a  shortcoming  that  this  author  believes  can  be  overcome  in  future  design  iterations  with 
more  attention  given  to  the  important  fluid-structural  coupling  and  added  mass  phenomena 
that  directly  affect  the  valve’s  dynamic  behavior.  The  second  of  these  shortcomings  was  the 
unexpected  interaction  between  the  valve  structure  and  the  fluid  flow  at  differential  pressures 
in  excess  of  210kPa.  Chapter  9  included  a  thorough  analysis  of  the  related  experimental  data, 
resulting  in  the  conclusion  that  the  unstable  self-oscillatory  valve  cap  behavior  was  most  proba¬ 
bly  caused  by  instabilities  within  the  flow  regime  (such  as  vortices)  as  a  transition  from  laminar 
to  turbulence  occurs.  Whereas  the  first  shortcoming  can  be  overcome  fairly  easily  within  a 
redesign  effort,  this  flow-induced  instability  issue  is  likely  to  require  significantly  more  effort 
in  the  future  (both  in  modeling  and  in  detailed  experimentation)  to  better  characterize  the 
fluid  flow  regimes  that  occur  through  these  sorts  of  microvalve  orifices  and  to  more  accurately 
capture  interactions  between  these  flow  phenomena  and  adjacent  compliant  structures  (such  as 
the  valve  cap  and  membrane  in  this  active  valve  design). 

The  two  issues  previously  discussed  are  the  critical  ones  which  have  most  severely  limited 
this  active  valve  to  lower  than  desired  performance  levels.  On  the  positive  side,  however,  it  can 
be  confidently  stated  that  all  of  the  structural  models  developed  in  this  thesis  for  predicting 
quasi-static  valve  performance  (Chapters  1-5)  were  in  extremely  good  correlation  with  the  1 
kHz  experimental  data  presented  in  Chapter  9.  The  experimentally  characterized  valve  cap 
deflections  and  valve  amplification  ratios  for  the  full  range  of  operating  voltages  were  within 
5-10%  of  model  expectations,  a  result  which  confirms  these  documented  models  as  important 
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tools  within  future  valve  design  iterations.  The  additional  areas  of  recommended  future  work 
(in  addition  to  the  two  major  issues  discussed  above),  therefore,  fall  not  within  the  realm  of 
active  valve  structural  modeling,  but  rather  within  the  area  of  material  characterization  and 
microfabrication.  Under  the  heading  of  material  characterization  is,  first,  the  need  for  better 
understanding  of  single-crystal  PZN-PT  piezoelectric  materials  and,  second,  the  need  for  better 
understanding  of  the  stress  limitations  within  etched  single-crystal  silicon  material  (especially 
SOI  wafers).  Under  the  heading  of  microfabrication  are  a  variety  of  issues  relating  to  the 
manufacturability  of  this  highly-complex,  multilayer  valve  structure. 

In  summary,  the  recommended  future  work  is  divided  into  the  following  sections:  (1)  a  valve 
structural  redesign  phase  to  enable  quasi-static  operational  frequencies  at  or  above  10kHz,  (2) 
a  major  program  to  characterize  the  flow  regimes  through  microvalve  orifices  and  to  under¬ 
stand  the  potential  impact  that  this  flow  behavior  has  in  interacting  with  adjacent  compliant 
structures  (flow  induced  structural  instabilities),  (3)  further  characterization  of  the  actuation 
capabilities  of  single-crystal  piezoelectric  materials  and  the  stress  limitations  of  SOI  etched 
structures,  and  (4)  the  re-evaluation  of  user-intensive  microfabrication  steps  and  the  develop¬ 
ment  of  a  less  complex  active  valve  structure.  These  sections  of  recommended  future  work  are 
discussed  in  detail  in  the  following  sections. 

10.2.1  Redesign  for  Enhanced  Operational  Frequency 

The  modal  frequency  model  correlation  studies  performed  in  Chapter  9  identified  the  hydraulic 
amplification  chamber  geometry  as  a  key  contributor  to  the  reduction  in  frequency  of  the  valve 
1st  modal  frequency.  Additionally,  it  was  determined  that  the  added  mass  of  the  external 
fluid  above  the  valve  cap  and  membrane  structure  had  an  important  effect  in  limiting  this 
frequency  as  well.  A  redesign  effort  should  be  performed  on  this  active  valve  to  increase  its 
first  modal  frequency  to  within  the  range  of  10-15kHz.  The  active  valve  geometry  tested 
in  this  thesis  incorporated  a  Layer  6  HAC  chamber  geometry  characterized  by  a  chamber 
height  of  tHAC  =  200pm  and  a  series  of  small  dimensioned  through-holes  and  flow  rhannplg 
(with  dimensions  as  small  as  100pm)  connecting  the  lower  half  of  the  HAC  chamber  to  the 
upper  half  of  the  chamber.  This  intricate  geometry  was  required  in  order  to  guarantee  the 
presence  of  a  rigid  motion  stop  ~  16.5pm  below  the  underside  of  the  valve  cap.  In  such  closely- 
packed  structures,  inertial  coupling  between  the  structural  elements  and  the  accelerating  fluid 
can  significantly  reduce  modal  frequencies  of  the  system,  as  discussed  in  Chapter  9.  The 
next  generation  active  valve  should  incorporate  an  HAC  chamber  with  reasonable  height  (ie: 
tHAC  =  500pm)  and  without  any  complex  arrangement  of  holes  and  channels.  The  chamber 
should  be  a  single  simple  cylindrical  volume  defined  on  its  bottom  surface  by  the  tethered 
piston  and  on  its  top  surface  by  the  valve  cap  membrane  and  top  support  structure.  In  this 
re-design,  no  bottom  stop  would  be  present,  a  necessary  consequence.  Based  on  experimental 
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testing  in  this  thesis,  the  valve  should  still  operate  successfully  without  this  stop  present.  The 
simplification  of  this  chamber  geometry  will,  therefore,  minimize  the  effect  of  inertia  coupling 
and  allow  for  a  higher  1st  modal  frequency.  One  may  argue  that  a  larger  volume  fluid  chamber 
will  increase  the  compliance  of  this  coupling  mechanism  between  the  piston  and  the  valve 
membrane,  an  argument  which  is  true.  However,  the  degree  to  which  performance  would  be 
reduced  is  negligible  compared  to  the  benefit  of  a  higher  operating  frequency.  Additionally,  by 
incorporating  the  external  fluid  above  the  valve  cap  and  membrane  within  future  finite-element 
models,  the  influence  if  this  added  mass  can  be  taken  into  account  in  designing  a  valve  to  meet 
a  quasi-static  frequency  greater  than  10kHz. 

The  modal  frequency  model  correlation  study  performed  in  Chapter  9  also  presented  the 
effect  of  valve  membrane  thickness  on  the  overall  1st  valve  modal  frequency.  It  was  shown  that 
an  increase  in  valve  membrane  thickness  from  tvm  =  6jim  to  tvm  =  10 fim  would  increase  the  1st 
modal  frequency  of  the  active  valve  from  14kHz  to  20kHz  (without  fluid  above  valve  cap  and 
membrane).  This  is  based  on  the  fact  that,  in  general,  the  stiffness  of  a  plate  scales  with  the 
cube  of  its  thickness.  This  stiffening  would  help  to  increase  the  modal  frequency,  however,  it 
would  require  more  actuation  authority  from  the  drive  element  portion  of  the  valve.  Based  on 
the  tradeoffs  documented  in  Chapter  5  of  this  thesis,  such  a  tradeoff  in  frequency  for  a  slightly 
larger  piezoelectric  material  volume  beneath  the  piston  is  worthy  of  investigation  in  the  next 
generation  design.  Careful  attention  to  the  potential  deflections  and  predicted  stress  levels  seen 
in  this  larger  thickness  membrane  during  actuation  would  be  required  to  maintain  structural 
integrity.  In  essence,  this  redesign  effort  should  use  the  exact  modeling  tools  documented  in 
Chapter  5  of  this  thesis,  but  include  a  more  rigorous  modal  frequency  evaluation  during  the 
process.  An  additional  benefit  of  a  thicker  valve  membrane  would  be  the  potential  for  reducing 
the  magnitude  of  the  flow-induced  instability  (to  be  discussed  in  the  following  section)  caused  by 
the  interaction  of  the  fluid  flow  through  the  orifice  with  the  adjacent  compliant  valve  membrane. 
A  significantly  stiffer  membrane  structure  might  eliminate  the  severity  of  this  interaction  all 
together. 

10.2.2  Understanding  of  Flow  Induced  Structural  Instabilities 

For  the  active  valve  devices  experimentally  characterized  in  this  thesis,  flow-induced  structural 
vibrations  of  the  valve  cap  and  membrane  limited  the  differential  pressure  across  which  the 
active  valve  could  regulate  flow.  Although  significant  analysis  work  was  performed  on  the 
experimental  data  containing  this  instability  behavior  and  although  a  plausible  explanation  for 
the  said  behavior  was  put  forth  in  the  conclusions  of  this  thesis,  it  is  believed  by  the  author 
that  a  vast  number  of  fluid  flow  issues  and  questions  must  be  further  investigated  and  answered 
before  the  observed  phenomena  can  be  understood  fully  and  before  the  impact  on  full  MHT 
systems  can  be  estimated.  These  issues  focus  on  two  major  tasks:  (1)  the  characterization 
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of  the  flow  behavior  through  microvalve  orifices  and  (2)  the  understanding  of  the  interaction 
between  this  flow  through  microvalve  orifices  and  any  adjacent  compliant  structures.  These 
tasks  are  detailed  in  the  following  sections. 

Flow  Characterization  Through  Microvalve  Orifices 

The  majority  of  experimental  testing  on  valves  for  use  within  microsystems  has  been  done 
on  macroscale  valves.  The  fluid  models  used  throughout  this  thesis,  in  fact,  were  based  on 
this  method  of  testing,  with  the  results  being  accepted  at  the  microscale  [2].  In  order  to  fully 
understand  the  flow  behavior  as  the  Reynolds  number  passes  from  zero  to  in  excess  of  10,000 
during  valve  opening  and  closing,  and  in  particular,  to  understand  the  critical  nature  of  the 
transition  regime  between  laminar  and  turbulent  flow,  microscale  valve  experiments  must  be 
carried  out.  These  experiments  must  utilize  rigid  valve  cap  structures  that  are  in  no  way  affected 
by  the  fluid  flow,  and  conversely,  that  do  not  themselves  influence  the  flow  behavior.  In  this 
way,  an  understanding  of  vortex  formation  and  flow  instabilities  can  be  obtained  independent 
of  adjacent  compliant  structures.  Tests  could  be  performed  using  many  of  the  microfabricated 
layers  used  for  the  active  valve  in  this  thesis.  However,  one  would  need  to  incorporate  a  precisely 
controlled  solenoid  or  long  piezoelectric  stack  actuator  bonded  to  a  rigid  valve  cap  (without  an 
adjacent  compliant  membrane)  which  could  be  moved  upward  and  downward  against  the  fluid 
orifice.  It  is  critical  that  no  compliant  structures  exist  in  the  region  of  the  orifice  flow  so  that 
the  resulting  flow  behavior  is  solely  a  function  of  the  orifice  geometry  and  applied  operating 
conditions.  The  following  experimental  tests  could  be  carried  out: 

1.  Slow  static  valve  opening  tests,  identical  to  those  performed  in  the  instability  section  of 
Chapter  9,  whereby  the  valve  cap  is  lowered  from  its  fully  closed  position  against  the  valve 
orifice  over  a  sufficiently  long  period  of  time  (~  10  minutes)  to  ensure  flow  behavior  for  a 
static  valve  opening.  The  valve  cap  deflection,  flow  rate,  and  dynamic  pressure  directly 
upstream  and  downstream  of  the  valve  cap  should  be  measured  and  recorded  real-time. 
Without  a  compliant  structure  (ie:  the  valve  membrane)  present  during  this  test,  an 
understanding  of  the  relationships  between  differential  pressure,  flow  rate,  and  dynamic 
pressure  can  be  obtained  and  an  estimation  of  the  laminar,  transition,  and  turbulent  flow 
regimes  could  be  carried  out. 

2.  In  conjunction  with  the  test  described  above,  flow  velocimetry  measurement  techniques 
should  be  implemented  to  visualize  the  flow  as  it  passes  through  the  microvalve  orifice. 
Vortex  shedding  and  unsteady  flow  phenomena  could  be  identified  in  an  effort  to  evaluate 
the  regions  of  laminar,  transition,  and  turbulent  flow  as  a  function  of  Reynolds  number. 
These  velocimetry  techniques  are  designed  to  illuminate  and  measure  particle  and  surface 
motions  using  infrared  wavelengths,  taking  advantage  of  the  fact  that  silicon  is  largely 
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transmissive  to  light  with  wavelenghts  greater  than  1/im.  Such  a  system  could  allow 
observation  of  particles  within  the  flow  stream  inside  of  the  silicon-based  valve  orifice  mi¬ 
crodevice  [3].  By  analyzing  images  using  both  time-of-flight  and  phase-locked  techniques, 
quantitative  measurements  about  the  motion  of  the  fluid  could  be  taken. 

3.  Using  both  of  the  above  testing  methods,  valve  orifices  with  varying  types  of  orifice 
“sharpness”  could  be  evaluated.  The  creation  of  vortices  in  these  microstructures  is  most 
likely  enhanced  by  the  sharp  expansion  that  occurs  as  fluid  flows  radially  outward  across 
the  membrane.  Current  MEMS  fabrication  processes  limit  the  degree  of  “chamfering” 
that  can  be  done  on  corners.  It  is  possible,  though,  that  future  microfabrication  processes 
will  be  developed  to  enable  smoothing  of  these  types  of  orifice  structures. 

With  the  experiments  described  above,  a  thorough  characterization  of  the  flow  behavior 
through  microvalve  orifices  could  be  obtained,  independent  from  its  interaction  with  adjacent 
compliant  structures. 

Flow-Induced  Instabilities  of  Adjacent  Valve  Membrane  Structure 

With  a  detailed  understanding  of  the  flow  regimes  through  microvalve  orifice  geometries,  ex¬ 
periments  could  be  run  to  evaluate  the  impact  of  these  flow  regimes  on  the  stability  of  adjacent 
compliant  valve  cap  membrane  structures.  The  structures  tested  could  be  similar  to  the  full 
valves  tested  in  this  thesis.  The  following  experimental  tests  could  be  carried  out: 

1.  During  the  slow  valve  opening  tests  discussed  previously,  it  would  be  very  useful  to  capture 
instantaneous  snapshots  (with  period  ~  10ms)  repeatedly  during  the  full  10  minute  long 
experimental  test.  This  would  require  a  more  sophisticated  A/D  measurement  system 
than  was  used  in  this  thesis,  in  which  low  data  sampling  rates  (ie:  10  data  points  per 
second)  could  be  used  for  the  extended  period  test  and  much  higher  sampling  rates  (ie: 
1,000,000  data  points  per  second)  could  be  used  for  the  snapshots.  In  this  manner,  during 
valve  opening,  as  the  valve  cap  transitions  from  stable  to  unstable  oscillatory  behavior, 
these  snapshots  could  capture  the  nature  of  this  transition  behavior. 

2.  Additionally,  during  these  tests,  rather  than  measuring  just  the  center  point  of  the  valve 
cap  using  the  laser  vibrometer  system,  it  would  be  informative  to  scan  over  the  entire 
surface  of  the  valve  cap.  In  this  manner,  tilting  motion  of  the  valve  cap  could  be  analyzed 
as  a  cause  of  any  unstable  flow  behavior.  Since  the  valve  cap  stiffness  is  minimal  for 
tilting  motions  (no  net  volume  change  beneath  the  valve  cap  occurs),  these  motions  could 
easily  be  caused  by  unstable  flow  regions  around  the  valve  cap  or,  conversely,  unstable 
flow  behavior  (vortices)  could  be  a  result  of  valve  cap  tilting.  Therefore,  measurement  of 
the  valve  cap  tilting  could  be  informative.  The  spot  size  of  the  laser  vibrometer  system 
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used  in  this  thesis,  however,  is  too  large  for  such  a  spatial  measurement  procedure.  Micro 
laser  vibrometer  systems  could  be  attempted,  however,  these  systems  are  typically  housed 
within  microscope  stage  set-ups,  which  would  limit  the  ability  to  incorporate  the  active 
valve  test-rig  and  jig  under  the  lens.  Further  brainstorming  ideas  are  needed  for  outfitting 
such  a  small  spot  size  measurement  technique. 

3.  In  addition  to  measuring  the  whole  valve  cap  motion  during  this  testing,  it  would  also 
be  beneficial  to  spatially  measure  the  deformation  of  the  valve  cap  membrane.  In  this 
manner,  the  onset  of  structural  oscillations  could  be  matched  with  estimated  flow  regime 
phenomena.  Unfortunately,  in  the  current  system,  the  valve  membrane  is  not  in  the  line 
of  sight  of  the  vibrometer  laser  beam,  due  to  the  presence  of  silicon  layers  above  and 
below.  Velocimetry  (to  measure  the  motion  of  a  moving  surface)  could  be  a  potential 
solution,  as  discussed  earlier.  Or  other  sensing  methods  could  be  used  to  measure  the 
dynamic  behavior  of  the  membrane,  such  as  incorporation  of  piezoresistive  material  in  the 
membrane.  This  method,  however,  would  require  significant  fabrication  complexity  and 
the  need  for  electrical  lead-ins  and  lead-outs  to  the  membrane,  which  would  only  further 
increase  the  complexity  of  the  device  assembly  and  bonding  procedures. 

4.  A  further  interesting  experiment  which  could  be  performed  on  the  existing  active  valve 
design  would  be  to  reverse  the  flow  direction  through  the  valve  orifice  and  determine  if  the 
same  flow-induced  vibrations  occur.  Since  in  either  flow  direction  the  orifice  is  comprised 
of  a  contraction  and  an  expansion  of  similar  magnitude  area  ratio,  the  flow  is  expected 
to  behave  consistently.  The  one  main  difference,  however,  is  that  over  the  compliant 
membrane  itself,  the  flow  will  be  experiencing  a  contraction  rather  than  an  expansion,  a 
difference  which  might  result  in  less  severe  formation  of  vortices.  The  instability  discussion 
in  Chapter  9,  however,  did  include  schematics  from  the  fluid  mechanics  literature  that 
indicated  similar  vorticy  fields  for  both  expansion  and  contraction  flow  geometries. 

A  further  recommended  task  would  be  to  develop  a  theoretical  model  for  the  fluid-structural 
interaction  between  this  flow  behavior  and  the  compliant  valve  structure,  using  FEM  and  CFD 
analyses.  The  major  problem  with  this,  however,  is  that  these  modeling  procedures  require  user 
input  for  governing  flow  relations.  Since  transition  regimes  between  laminar  and  turbulent  flow 
are  not  understood  theoretically,  there  would  be  no  way  to  instruct  these  programs  on  how  to 
behave.  As  a  result,  the  models  would  be  only  as  accurate  as  the  user’s  understanding  of  the 
flow  behavior,  which  unfortunately  is  severely  limited. 

10.2.3  Materials  Characterization 

In  the  development  of  this  active  valve  device,  single-crystal  ferroelectric  material  was  the 
desired  material  for  use  due  to  its  enhanced  strain  capabilities  in  comparison  to  the  polycrys- 
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talline  PZT-5H  material.  The  published  [4]  PZN-PT  material  properties  (d33  =  2000 pC/N 
and  Ep  =  9.01GPa)  used  in  the  design  and  optimization  chapters  of  this  thesis  were  found  to 
overpredict  the  actual  capability  of  the  material  based  on  the  experiments  detailed  in  Chapters 
7  and  9.  As  a  result,  overall  valve  deflection  versus  voltage  was  lower  than  designed  for.  More 
detailed  characterization  studies  should  be  performed  on  this  PZN-PT  material  to  better  un¬ 
derstand  its  actuation  capabilities  under  the  high  voltage  and  relatively  high  stress  conditions 
experienced  in  these  active  valve  devices.  Additionally,  further  development  efforts  by  the  man¬ 
ufacturers  of  this  material  to  improve  its  performance  characteristics  (and  maintain  consistency 
across  different  batches  of  material)  would  enable  more  reliable  design  iterations  to  take  place. 
In  general,  this  valve  design  desires  a  piezoelectric  material  with  as  large  a  d3 3  and  as  large  a 
Youngs  modulus  Ep  as  possible. 

Additionally  from  a  materials  standpoint,  the  reliability  of  the  active  valve  device  and 
its  capabilities  for  operating  against  large  pressures  and  with  significant  valve  cap  stroke  are 
directly  affected  by  the  yield  stress  levels  of  the  etched  silicon  membranes  that  form  the  valve 
and  the  drive  piston  tethers.  Given  a  value  for  yield  stress  (ie:  in  the  design  and  optimization 
section  of  this  thesis  a  value  of  1  GPa  was  used  [5]),  the  systematic  design  procedure  presented 
in  Chapter  5  is  able  to  generate  an  active  valve  geometry  that  guarantees  a  maximum  stress 
during  theoretical  operation  below  this  value  of  yield  stress.  This  assumed  limit,  therefore, 
directly  influences  the  resulting  size  and  dimensions  of  the  active  valve  device.  Further  work  to 
better  characterize  this  yield  stress  limit  (based  on  defects  in  the  etched  structures)  or  further 
work  to  enhance  the  strength  of  these  filleted  features  with  possible  post  DRIE  smoothing 
procedures  would  enable  more  compact  valve  designs  that  work  at  higher  stress  levels. 

10.2.4  Microfabrication  Issues 

From  a  fabrication  and  assembly  standpoint,  this  active  valve  device  is  far  from  a  cost-effective 
manufacturable  entity,  primarily  due  to  the  extremely  intensive  Silicon-on-Insulator  wafer  DRIE 
etching  steps  for  Layers  4,  5,  and  7.  Currently  these  etch  procedures  require  tight  control  of 
fillet  radii  dimensions  at  the  base  of  300  —  400^m  deep  etches,  a  requirement  which  necessitates 
numerous  human  inspection  and  handling  steps.  If  etch  procedures  could  be  developed  that 
minimize  the  depth  of  this  etch  so  as  to  improve  fillet  radius  uniformity  across  a  given  valve 
membrane  structure  or  piston  tether,  the  processing  time  and  human  intervention  requirements 
could  be  drastically  reduced.  Additionally,  the  reliabilities  of  wafer-level  silicon-to-silicon  fusion 
bonding  and  silicon-glass  anodic  bonding  are  far  from  optimal  at  present.  Although  improve¬ 
ments  in  yields  on  a  given  wafer  have  occurred  over  the  course  of  this  MHT  program  at  MIT, 
further  optimization  and  processing  studies  could  only  help  to  improve  wafer  yields. 

Finally,  this  active  valve  device  is  a  9-layer  silicon  and  glass  structure  with  integrated  piezo¬ 
electric  material  elements.  A  general  philosophy  is  “the  fewer  number  of  layers,  the  better”,  as 
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long  as  each  of  the  reduced  layers  is  not  substantially  increased  in  complexity.  Efforts  should  be 
pursued  to  redesign  this  active  valve  structure  to  still  maintain  the  required  structural  elements, 
yet  do  so  in  such  a  way  that  eliminates  as  many  layers  as  possible.  A  further  improvement  to 
the  device  would  be  to  find  a  way  to  create  a  micro-seal  between  the  hydraulic  amplification 
chamber  and  the  piezoelectric  material  chamber  without  the  need  for  solid  annular  tethered 
structures.  Limitations  exist  now  in  the  ability  to  create  very  deep,  thin  and  smooth  gap  etches 
in  silicon.  If  such  a  thin  trench  could  be  micromachined  and  if  a  relatively  compliant  polymer 
material  of  some  sort  could  be  made  to  fill  that  thin  gap,  then  the  drive  element  piston  would 
be  capable  of  moving  up  and  down  in  response  to  the  piezoelectric  material  voltage  without 
the  need  for  these  micromachined  annular  tethers.  Of  course,  new  problems  such  as  electri¬ 
cal  contact  to  the  top  surface  of  the  piezoelectric  materials  and  the  release  of  a  free-standing 
piston  structure  present  themselves.  Fabrication  brainstorming  ideas  such  as  these  should  be 
continued  in  an  effort  to  progress  to  next-generation  valve  devices. 

10.2.5  Future  of  MHTs 

This  chapter  has  reviewed  the  performance  of  the  active  valve  and  has  outlined  a  series  of 
future  activities  that  could  be  pursued  in  an  effort  to  improve  its  performance.  In  general, 
the  piezoelectrically-driven  hydraulic  amplification  microvalve  documented  in  this  thesis  suc¬ 
cessfully  outperforms  all  liquid-regulation  active  valves  previously  presented  in  the  literature 
(see  Chapter  1),  in  terms  of  simultaneously  satisfying  a  set  of  high  frequency  (  Ik  Hz),  high 
pressure  (~  300 kPa),  and  large  stroke  (~  40/rm)  requirements.  In  this  sense,  the  development 
of  the  device  has  been  a  success.  However,  the  performance  limitations  observed  through  de¬ 
vice  experimentation  indicate  that,  in  order  for  this  valve  technology  to  be  successful  in  the 
designed-for  high  specific  power  (~  1000  micropumping  applications  (MHTs)  introduced  in 
Chapter  1,  significant  further  research  and  redesign  is  required.  Even  with  the  current  lim¬ 
ited  active  valve  capabilities  observed  in  this  thesis,  however,  full  MHT  micropumping  systems 
incorporating  these  valves  are  estimated  to  operate  with  specific  powers  between  25-30 at 
least  an  order  of  magnitude  larger  than  the  best  micropumping  systems  (2.5  j|)  presented  in 
the  literature  and  detailed  in  Chapter  1.  With  this  future  work,  it  may  be  possible  to  realize 
an  active  valve  device  capable  of  operating  at  the  desired  quasi-static  operational  frequency 
(>  10k Hz)  and  high  differential  pressure  (>  IMPa),  enabling  it  to  successfully  regulate  liquid 
flow  within  the  higher  specific  power  MHT  systems. 

As  detailed  in  this  chapter,  a  structural  redesign  effort  should  be  pursued,  incorporating 
updated  finite-element  models  with  inertia  coupling  and  external  fluid  added  mass  effects,  to 
achieve  a  valve  design  with  quasi-static  frequency  in  excess  of  10kHz.  It  is  the  belief  of  this 
author  that,  by  simplifying  the  hydraulic  amplification  chamber  geometry,  increasing  the  valve 
membrane  thickness,  and  increasing  the  piezoelectric  material  volume  beneath  the  drive  element 
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piston,  this  frequency  enhancement  could  be  readily  achieved  while  maintaining  similar  stroke 
capability.  However,  this  guarantees  only  that  the  structure  can  successfully  operate  as  a  high- 
frequency  microactuator  against  a  constant  external  loading.  It  is  the  differential  pressure 
applied  to  the  device,  and  the  resulting  fluid  flow  through  the  valve  orifice  structure  that  will 
most  likely  limit  the  flow  regulation  capability  of  the  structure,  as  observed  in  this  thesis.  The 
future  work  to  more  comprehensively  understand  the  fluid  flow  regimes  through  these  small  scale 
orifice  structures  and,  more  importantly,  the  interaction  of  this  flow  with  the  adjacent  compliant 
valve  membrane  structure  is,  therefore,  of  vital  importance  to  the  success  of  higher-performing 
valve  devices  for  use  in  MHT  systems.  It  is  quite  possible  that  by  increasing  the  valve  membrane 
thickness,  as  discussed  in  this  chapter,  the  valve  flow-induced  structural  oscillations  could  be 
significantly  reduced.  However,  this  hypothesis  can  only  be  proven  through  the  detailed  fluid- 
structural  coupling  models  and  experimental  procedures  recommended  in  this  chapter.  It  is, 
therefore,  the  belief  of  this  author  that  this  microvalve  device  can  be  successfully  redesigned  to 
meet  the  structural  high  frequency  requirements  for  use  in  high  specific  power  MHT  systems. 
What  is  unknown  in  this  stage  of  the  research,  however,  is  the  expected  nature  of  fluid-structural 
interaction  and  corresponding  flow-induced  vibrations  of  the  valve  cap  and  membrane  at  these 
higher  drive  frequency  levels  and  higher  differential  pressures.  Future  research  must  address 
these  issues. 
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1  ChapterExample.mws 


File:  ChapterE*an^>k.mwi 
DtvidC.  Robert! 

TTui  file  calculate*  the  linear  deflection  and  swept  volume  of  an  annular  plate  with  outer 
cadhu  a  and  inner  radius  h  There  is  an  applied  pressure  f  from  inner  radius  b  to 
twter  radius  a.  The  plate  is  prided  at  and  damped  at  r-a.  This  problem  is  included 
m  the  modeling  chapter  as  a  demonrtration  example  of  how  this  linear  theory  is  carried 
out.  The  preauiro  P  serve,  to  deflect  the  plate  in  the  positive  direction.  Tbcee  calculations 
iodude  deflections  Ate  to  bending  and  shearing  effects,  since  the  plate  thicknem  is  not 
nectsaarily  « than  the  plate  outer  radius. 

c  >  castart; 

T  >  Digit* :-40; 

L  Digit; ;«  40 

Gp  Calculate  Deflection,  Swept  Volume  Due  to  BENDING 
Op  Define  Governing  Plate  Bending  Equation  and  Shear  Force 

>  •gn:«*dlff  (1/rMlff  <r*diff  (w(r)  ,r)  ,*)  ,r)-Q(r)/0’ ; 


d  (9 

>*r[tr«r)}_<Xr) 


C  Shear  force  in  terms  of  P; 

>  Q(r):-  »*M*<r*2-b*2)/<2*Pi*r)f 


*«*¥*¥*■ 


[jp  Integrate  the  Governing  Plate  Bending  Equation 

C  Calculate  the  deflection,  wjbeading(r),  due  to  bending: 

">  Q1  (r)  :  *■  (tat  (Q  (r )  /D ,  r )  +C1)  *r  j 
02 {rj :-(int{Ql (r) ,rj  4C2) /r; 
v_b*ndlng ( r ) :-lnt(Q2 (r) ,r)+C3; 


Q2 (r)v 


,  ..  .  ,  I  Pr4  IPhVlofr)  1  PhV  1 
w_bcndmg(r) - ^-  + ^-  +  ~C/ rJ  +  C2!n(r)+ CJ 

[p  Apply  BCs  and  Solve  for  W_bending(r) 

>  »C1 :-aub»  (|r-«)  ,w_bwndirvj  (r) )  —0 ; 

_  I  Pa*  IFhVlnM  1  Pb'a7  1 

K"uT-» — D*i~  •;o^°N.)*o.i 

>  »C2:-«ba({t-*),diff  (w  bandlftff(i)  ,r))-0; 

_  I  Fo*  l/»6*aln(a)  I  Pb'a  1  C2 

BC2mli~-i — d  +i~*ic,*+T‘# 

>  BC3:>suba  ({r»b}  ,diff  (wjbtvdlng (r)  ,r)  )«•<>;; 

_  3  Pb'  lPblla(b)  1_  C2 

BC1:mU  D  *  D  t2C"’  +  T'° 

C  >  «*tl:-*ol*4  ({■«., DC2,»C3), {Cl, C2,C3))  : 

C  Determine  the  general  expresaioo  for  plate  deflection,  W_bending(r): 

“  >  W_b*ndi*>g|r)  :-coUwot(*ub*  (Mtl(wJ>«dlijg(r) ) ,  (D,F>) ; 


P*g<  I 
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W_bending(r)  - 


l  *  1.,,.  ..  1.,,  1  (-a  +  4  62a2ln(a)-2*V  +  3  64-4h4ln(fc))r2 

— r-~6r  lu(r) +~b  r~~~ - r — : - 

64  8  8  32  -V  +  62 


1 


-^  +  fcz 

1  a1  (a*-4bW\n(<i)  -  3  *V  +  2  64  +  8  A4  ln(h)  +  16  64  ln(a)2-  4  fe4  ln(a)-  16  b*  la (a)  In (b)) 

64  S  +  b2 

C  Determine  the  plate  deflection  at  r*b.  This  is  denoted  Wb_bending. 

>  Hb_b*ading : *=coll*ct  (aioplif y  {aubs  ( {  r=b }  ,WJb«&ding<r) ))  ,  (D,PJ)  ; 

Wbjending  :=  - b*  a2 -  3  b* - 4  b*  ln(h)  a* -  5  fc2  a4 +  4  b*  a  ln(a)  +  4  62  a4  ln<6 )  +  16  *>V  la(b )  ln|^j+  a 
-4  a*b2  ln(a)  +  16  a1  b4  ln(a)2-  16  a1  b*  ln(a)  ln(6)  jp  j/  (D  (-a*  +  h2» 

Calculate  Swept  Volume,  dVJbending,  Due  to  Bending 

C  This  is  the  swept  volume  ureter  only  the  plate.  The  swept  volume  from  i=0  to  t=b  must  also  be  considered 

>  dVJ>*»ding:=coll*ct  (oljBplify  (tttt(2*Pi*r*1TJb#iMilng(r)  ,r=b. .*)) , {P1,D,P})  ; 

dVJxnding  Ji  ^-a*  +  10  a*  &1—  24  a4  b*  —  48  a*  b*  lt|^-jln(a)  +  24  a* b*  48  a*  b*  ln(a)2 

+  48  a  b*  ln(a)  ln(6)  +  22  b*  a2 -  7  b*  +  48  b*  a2  ln(6)  j~  24  b*  «*  48  b6 a 1  ln(a>2 -  48  b6 a2  ln(a)  ln(A) 


(D(-a2  +  62)) 

Calculate  Deflection,  Swept  Volume  Due  to  SHEARING 
Deflne  Governing  Plate  Shearing  Equation  and  Integrate 

>  •qn2i«'diff  (w(r)  ^rle-iipha^gtrl/C/h’  ; 

,  3  ,  ,  «Q(r) 

C  Calculate  the  deflection,  W_shearing,  due  to  shear  effects  (shear  coefficient,  alpha=1.5): 

>  w__»h«*ring  (r) :  “Int  ( -alpha* Q  (r)  /C/h ,  r)  +C4; 

1  ttPr2  1  ttPb1  ln(r)  ^ 

~  A  < 

Apply  BC  and  Solve  for  \V_shearing(r) 

>  BC4;*»oob*  {{r<5»}  ,»r_ah««xingr(r) )  “0; 

apa2  1  aPh2  ln{a)  _ 

- - - Oh  +c,=0 

c  >  Set2:=«olvo({BC4}f  (C4»: 

>  W_«hearing(ir)  :*suba  (Set2,w__ahearing(r) )  ; 

1  oPr2  1  aPt1 1n(r)  1  aP(V  +  2  fc2ln(a)) 

WjhcuWr)*-—*-— - - - - 

C  Determine  the  plate  deflection  at  r=b.  This  is  denoted  Wb_shearing. 

>  Nb_ah**ri.ng:=colIoct  (a Amplify  (auba  {{r=4>}  ,W__ah«*r£ng  (r) ) )  ,(P})  ; 


Wbjthearing  —  -' 


\  a  P  (fe2  -  2  h2  ln(fr )  -  a1  +  2  fr2  ln(a) ) 
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Gpl  Calculate  Swept  Volume  Due  to  Shearing,  dV_shearing 

>  *L*hwlng:-coU*ct(»ljVUfjr(lot(2*Pi*r*W_*h^rlag(r)  ,r4.  .a) )  ,{p)) ; 

dVihearin  1  **lSjLZ*££+2  A*-4  A41p(A)  + 4  A4  ^)) 
t  GA 

Total  Deflection  and  Swept  Volume 

C  Sura  the  deflections  Ajc  to  beading  tod  4tev  Into  the  tool  plate  deflection  it  iHj,  Wb: 
r  >  : -ooll»ct  ruling  4  Wb_ahaariag,  {»))  ; 

W  ^ [7  b*  fll  ~  3  b*~  4 k*  W)  «*  -  5  6*  a4  +  4  A4  a*  ln(a)  +  4  AV  ln(A)  +  !6  AV  b(A)  1^-  j+  a‘ 

C  Sum  tbe  displaced  volume*  due  to  bending  and  ahear  into  the  total  displaced  volume,  dV  * 

r  >  <f*:-c»ll*et{dVJ>nndin*+<iV_ahaurl»g,<»}) , 

^  *  (~fl' +  10  a*  ** "  24  a*  **- 48  a*  A<  +  24  a*  b*  J“  48  <**  b*  Ka)1  +  48  a  b*  lo(a)  lo(A  ) 

‘  22  bW  -  7  b%  +  48  AV  Inf  A)  In^j  j-  24  A4  o1  ln^  j+  48  A4  a1  Inf  a)1  -  48  A4 a1  Infa)  ln(A)  j/(D  (-o*+ A1)) 


1  «  a  (a4  -  4  A1  a*  +  3  A4  -  4  A4  ln(A )  4  4  A' 


Ok 


Substitution  of  Example  Values 

>  Wb_X»KPLI:-av*lf  (aubaUalpha»1.5,u-3.15a-3,b-0.«Oe-3,*-l€5«9,nu-C.22,b-1000a-«) ,auba( 

t»la«, D>«*hA3/  (12*  (l-im*2) )  ,0-1/2/ (l+im)  ,«b) )) ; 

Wb_EXAMPLE  :-  .986574732573098211629339004226204575890  10'7 

>  dV_KXMCFLK  :-«valf  (attba {{alpha-1 .9, a-3 . lSa-3 ,b-0 .ta-3,S-l(5a9,mi-0.22 ,h-1000«-f }  auba  (V 
-Xa«,D-l*h*3/(12Ml-mi*2n  ,0-«/2/(l+t»o)  ,47)))} 

dV_£XAMPLE  :m  .1320442285992528857571432424955844654522  10'“ 

c  > 
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2  FullActiveValve(LINE  AR)  .mws  [see  Section  2.4] 


’  File;  Fu!lActivcVa!vc(LINEAR}.mws 
David  C.  Roberts 

This  file  solves  the  linear  valve  analytical  model  described  in  Chapter  2  of  thesis.  The  inputs  are  PI,  P2,  and  Vp. 
_  The  valve  behavior  is  calculated 
Q  >  restart; 

[>  Dig±ta:*40; 

Digits  :=40 


HStep  1:  Define  Linear  Quasi-Static  Relations 


Piezoelectric  Material 

£  This  relation  assumes  perfect  d33  actuation  (no  effect  of  transverse  clamping). 

>*0*1  *fpl  «  d[33]*Vtp]  “  (I* IPl/* [Pi )**&>!; 

EQm-z,=t„v,--¥- 

£  This  relation  determines  the  piezo  charge. 

>XQS2  :»  Q[p]  «  (•T[331*A[p]/L[p])  *V[pJ  +  <d[33]  *A[p] )  *T[p]  ; 


EQN2  ~Qp  = 


*d»A,T, 


\  Bottom  Stuctural  Compliance 

£  Circular  plate  with  stress  imposed  over  central  region. 

[>  *0*3  :»  Z(bot]  *  (Xl[Zbot,TJ )  *  T[p]; 

|  Drive  Element  Tethers 

>  *QK4  :«  Z[t*]  ** 

(XI  [Zt»top,F]  *xt  (  Ztebot ,  F] )  /  (XI  [Xtatop,  FJ  +Xi  [Ztebot,  F] )  *  (*  [p]  *T  [p]  -A[pisl  *P  [HACJ )  - 
(Xi  [  Ztatep.P]  *Xi  [ttabot:,P]  )  /  (Xi  [Ztatop,  Pj  +X1  [ztabot ,  PJ )  *P  [HAC] ; 

f, r (4p  ^p~Apt r  ptucl  “a*** r “z±>**,p ^hac 
EQN4  ~  Zm  =  “  —  -  “  7^ 

>  *QH5  :=  dV[t*]  ss 

(Xl[<m«top,rj*XiI*1»bot/F]>/(Xl[Zt*top,Fl+XitZtabot,ri)*(A[p]*tr[pl-A[pi«l  *P[BACJ> 
(Xi [dVtatop  ,P]  *Xi [dVtebot ,  P]  )  /  (Xi  [dVtatop , P] +Xi [dVtebot , P] ) *P [HAC]  +  A[pia] **[ta] ; 

~  men*.  F -Ztrtct,  f  P^c)  p  ^dYkix*,  r  ^tuc  .  _ 

EQN5  :=  dV*  = - - * - - -  - -  „  - - +  A^  ZK 

~2*tcf>,F+  ~ZJrbot,P  op,F+ “Mcbal.r 

Drive  Element  Piston 

["  >  *0*6  *tpl«]  «  XitZpia,Tl*T[p]  -  Xi[Zpi«,PI *PtHAC]  ; 

EQN6  :=  rTf-  s.^  p PMC 

>  X0T7  dV[pi«]  »  Xi[«JVpi»,T3*T[pJ  -  Xi(dVpi*,P]*F[BAC3 ; 

EQN7  :=  d.V^  ~  ~JYpU  r  ~  “Wpo,  r  ?hac 

T  Fluid  Compressibility 

[  >  *0*8  :«*  dV[ fluid]  «  -(V[HAC]/Ktfl)*(P[HAC]>  ; 


3 
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[I 


(p  Top  Structural  Compliance 

>  son  *ttop]  -  n(ttop,»]*»[Bac]  ♦  xiritopfr]*F[»»i; 

>»OnO  :*  dVttopl  -  Xl(dVt4>p.»]*»[IttC]  XifdVtop^JTfv*]  +  Ah»]*EItop]  ; 

EQN10 dV^  *  Z^  'P^  S  ^  ^ 

>  Ifflll  :«  rtiml  -  (A[«l-AI»cI)*(»r»C]-»rJ])  ♦  AtYcJ*<ft»C]-*m> ; 

EQN11  (A„ -A^HP^-Pj+A^P^-P,) 

{p  VnJve  Cap/Membrane 

Nolc:  I  have  i&duded  the  contribution  to  valve  cap  deflection  due  to  top  dumber  deflection. 

Tbe  oone^xmding  volume  contribution  is  already  included  in  the  Top  Structural  Compliance 


■ 


>  BQV12  :•  l(ve]  -  XitIec,H*(P[mc]-?t2JJ  +  Xltlve^n *FItcJ  +  Iftop]; 

EQS12 Z„  -  ^(P^-PJ  +  ,F„  +  Z^ 

>  1903  dV[v«l  -  XiId7mf»l*(PI«C]-rt2]>  +  XI  t<tW.,FJ  **[*<,  J  +  ACvc)»I 
EQNI3  dV^  -  E ^{P^-P,)  +  ^rF^Aw  Z„ 

>  B0I14  F[vc]  «  (»[«»CI-F[l])«Atvc]? 

BQNH*rw*Aw(Pmtc-ri) 

[p  Deflection,  Swept  Volnme  Coiitrvilioa 

c  AJl  structural  deflections  and  swept  vohimei  are  defined  to  be  positive  in  the  upwaxd  direction. 

[>  *0*15  :»  *lp]  +  E[bot]  «  I[t*]  +  *[pl«] ; 

FQNIS^Z^Z^Z^Z^ 

[>  X 9HC  0  -  dV[to]  +  dv[pis]  +  dV[ fluid]  -  dV[top]  -  dv[v*]  ; 

EQNI6  0  =  dV^  +  JV^  +  dV^-dV^- rfK_ 

Other  Relation! 

C  Variable*  a*  Auctions  of  other  van  able*. 

~  >  *0*17  E  [do]  -  *[to]  ♦ 

EQXPvZ^Z^  +  Z^ 

(p  Step  2:  Define  Geometric/Material  Parameters 

£  Geometric  Parameter*: 

[>  Afvcl  :«0.31o-3:  *(«•]  :-0 . tOo-3 :  t[v«] :-10o-«;  Atvc} :-Pi**tve] A2 :  A[va]  :»Pi*Jtrwa]  * 
tjvcl :«400*-<: 

[  >  *tp]  :»la-3:  a{p]:«Pi*jltp]*2: 

[>  *[pio]:«3^-3:  a[di]  :-3.223o-3:  t[pi.]  :-«0Do-«:  t[topte]  :-10o~6:  tfbottol :-10w-«: 

A  [pin]  :-ri*It[pio]A2: 

[  >  tp»tl  :-1000o-E: 

C  >  IttOC]  :-400o-6:  VtBJlC]  :«Pi*Arch3*2*Bt!ttC]  ♦  »l*{*Iv«r2-»lvc]*2)  ♦ttvc]  : 

[  >  t[top] r-1000«-C: 

C  Material  Parameter* 


Li’ 
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U>  d{33]  :=2000«-12:  *01331 :*16.4a-12:  *B[33J  :=llla-12:  *tp]  :=*/■* t33] : 

«T[33]  :»d[33]  A2/{sl![33]-sD[33])  :  *t«i]  :-lfiSa9i  na[*i] :«0.22:  K[£J  :-2a9;  alpha [«i]  :-l . 25 : 

|p  Step  3:  Calculate  Linear  Plate  Coefficients 

(p  Bottom  Stuctural  Compliance 

Circular  plate  damped  at  outer  radius  (r=a)  with  stress  imposed  over  central  region  (r=0  to  n=b). 

Positive  deflection  is  upward,  whereas  positive  stress  acts  downward.  This  relation  indudes 
__  bending  and  shearing  effects,  sec  BottomChamberPiate(WORST).mws. 

[  >  *qn:»*iii£f{l/rMi«{r*di£f(Z{r),r>,r),r>=Q{r)/i)'; 

[  >  9_0b  (r)  :=»~Tp*Pi*rA2/ (2*Pi*r)  : 

>  Q1  (r)  :»{int{Q_Ob(r)  /D,r)+Ci)  *r : 

Q2(r):«(±nt{Ql(r),r))/r: 

Ibot_Ob_banding(r)  :«4nt(Q2  (r)  ,r) 4C3 : 

[  >  BC1 : *e*ub*  <  {r=to}  , Ebot_Ob_banding (r)  }  =Zb_b*nding: 

[  >  8C2:-eub«({r»b},dlf£  (Zbot__Ob_banding(r) , r) ) “dZb_b«iidlng: 

[>  bc3  ({r=b}  ,diff  (dtff  (tt»fc_Obb«adlng  (r)  ,r)  ,r)  + 

nu/r*dif£  < Zbo t_Ob__bending (r) ,  r) ) ad2£b_banding : 

[  >  •qn:"’di£f(l/r*dlff <r*diff(Z<r)  ,r)  ,r)  ,r)^(r}/D’: 

[  >  Q_ba(r)  :»-Tp*Pi*bA2/<2*Pi*r) : 

F  >  Cl(r):-(int{Q_ba{r)/D,r)+C4)*r: 

Q2(r)  :»(lnt(Ql(r)  ,r)4C5)/r: 

Zbot_ba_banding(r)  :«=dnt(Q2  (r)  ,r)4C6: 

£  >  BC4 :  »rab*  ( { t=a)  , Zbot__ba_banding (r) )  »0 : 

[  >  BCS:**subs  {{r=a)  ,di££  (Sbot_ba_bending  {r)  ,r))«=0; 

£  >  BC€ :  =sub*  { (r=b } ,  2bot_baJtxmding  (r) )  »rb_b*nding : 

£  >  BC7:=rob»  ({n»b}  ,di£f  (Zbotjbajbanding  (r)  ,r) )  =dZb_baading : 

[>  BC8 : «aobs  { ( r=ib  )  ,dif  £  (di££  (Ebotjoajoanding  (r) ,  r)  , r)  + 
nu/r*dlf  £  {Zbotbajbandlng  (x) ,  r) )  =d2£b_banding : 

[>  «otl:«8olva({BCl,BC2,BC3,BC4,BCS,BC6/BC7,BCa},{Cl,C3,C4,C5,C6,IbJ>anding,d2b_b«fKiing,d 
22bbanding>) : 

£  >  £bot_Ob_BESDHfG(r)  :~collect  (irubs  {S*tl,£bot_Ob_b«ndIivg{i:n  ,  {D,Tp}>  : 

£  >  SbotJba_BEHOZHG(r)  :^ollact{*ttb*{Satl,ZbotJba_b#zidlrrgCr) )  : 

[  >  dVbo  t__0b_BZKD  UTG :=col  1  oct ( s iapllfy f Int ( 2*Pi*r*lbo t_Ob_BZXD ING { r )  ,r*=0.  -b)>  , <TP>)  : 

[  >  dVbot_ba_BKKDIWG : ascollact (*Jjnpll  fy^int  {2*Pi*r*Ibot_ba_BKNDING (r)  ,r=b.  .a))  , {Tp}>  : 

[  >  eqn4:=,dl££(J5{r)  ,r)"~alpha*Q_{r)/G/h’ : 

£  >  *bot_Ob_*ha*rlng { r)  :=int  (-alph**Q_Ob  (r)  /G/h,r)+C7: 

[  >  BC9:=*ub»  ({r=bj  ,Zbot_0b__*h«*ri.ng(r)  )=Zb_*hearAag: 

[  >  •qn4?s,di££(£(r)  ,r) —alpha*Q_<t) /G/h’ : 

£  >  zbot_ba_*beaxlng  (r)  : *=int  (-alpha*Q_ba  (r)  /G/h, r)  +C8 : 

£  >  BC1 0 :  =*subs  ( {  r=a) ,  rbot_ba_*haaring  (r)  J  =0 : 

£  >  BCll:**ub*{{r=b}  ,Zbot_ba_*haaring{r)  )=Zb_*h**xing: 

[  >  Sat2:=>Bolv« ({BC9,BC10,BC11) ,  {C7,C8,2b__»haariiig) ) : 

Q  >  2bo t_0b_SHSAlUJIG (r)  : "collect {»ub a  {Set2  ,Zbot_Ob_she*xing<r)  )  ,  {0,?p) ) : 

[  >  £bo t_b»_8HEARIKG ( r )  .-"oolloct (auba (Set2, tbot_ba_«ho«rlng<r) ) ,  (B,Tp) ) : 
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[  >  dVbot_Ob_MrWLMC: -collect  (simplify  (lot  (2*Pi*r*Sbot_0b_SUJUtIVQ  (r)  ,r-0 .  .b) ) ,  <TJ>) ) : 

£  >  dVbot_be_raKXFXMS :  — oollact  (aiapllfy  (int  (2*Pi*r*8bot_be_fHXAlUIIG  (r)  rc-b.  .•))  ,  (Tp))  : 

C  >  sbotJfc<r>  ;  -collect  (tbot_0b_H«a«DI»0  (r)  ♦  Xbot_0b_3SEMUXC  (r) ,  (*p) ) : 

C  >  n»t_b*(r)  : -collect  («botJb._K»II«3(r)  +  Sbot_b*_BBUL»e(r) , (Tp)> : 

>  dVbot :  —collect  {dVbot^ObjaWDXMO  +  dVbo t_be__ BUD OK  +  Abot  Ob  UUUK  ♦ 

dVbotJba_«Juraw,  (TpJ } :  , 

>  XI [Shot, Y]  :-*uba({r-0,Tp-l)  ,0»t_(lb(r) ) ; 

Xi [*bot,T]  ;amU(nb«((«4[d)]  ,b-*[p)  ,  alpha-alpha [ai]  .b-tfbot]  ,D-« [ai] *t[bot)  *3/(12*( 
1-m t«ij *2 ) )  ,0-B [ai  1  / (2*  (1  tan f.l J) )  }  ,xi t*bot , T]) )  ; 


t  b ?  -3  6* 


>4«*+46*lJ- 


1  I  cfr*(l  -2tn(6)  +  21n(a)) 
~4  G  h 


(M  Drive  Element  Tethers 


•-.521 2 19937274908367532623 1 687472284 1 35238  I011 


TOP  TETHER 

Annular  plate  damped  at  outer  radius  (r-a)  and  guided  at  inner  radius  (i-b)  with  pressure  applied 
downward  over  tether  and  concentrated  force  applied  upward  at  inner  radius  (rt>).  These  relations 
L  indude  bending  effects  only,  see  TetherToplmw*. 

[  >  eqn:-'diff  (l/r*dlff (r*di£f (8 (r)  ,r)  ,r)  ,r)^}(r)  /B* : 

£  >  Q(r)  :-rttoptaJ/(2*Pi*r>  -  ft»C*Pi»(r*2-bA2) /(2*Pi*r) : 

“  >  01(r):-Ont(QCr)/D,r)4Cl)*r: 

02 (r) :-<int(Ql<r) ,r)4C2)/r: 

Xtatharl__baodiag (rl  : -expand  (int  (Q2  (r)  ,r)+C3) : 

£  >  BC1 : -euba  ( { r^}  ,Stetharl_beading{r))-0: 

£  >  BC2:-aiftM  ((r-a)  ,diff  (Ztatharljbaadlng(r)  ,r)  )-0: 

£>  BC3:-*trb*{{r-b)  ,diff  (Itetherljbending(r)  ,r)  )-0: 

£  >  Setl  :-eolv*((BCl,BC2,BC3)  ,(C1,C2,C3))  : 

£  >  *tatharl_«WDlKS{r)  :-oollact(auba  («etl,*tetherl_bendia*(rn  ,(F[topte]  .D.FMC} > : 

£  >  Xtatberl : -oollact (alaplify (auba  ( {r>4>}  ,Ktatharl_ftXHDZBO  (tj )  )  ,  {F(tapta)  ,D,PHAC})  : 

**  >  rfvtAth«-1_»«:*DrK;:-collact{slapllfy(tnt{2*Pi*r*Itatharl_»jaiDI»C(r)  ,r«*.  .a)  ) ,  (Pi,F  [tapt 
•]  ,D,PUC)) : 

>  Xi[*tetop,F3  i-  ireb*(<PI»C-Ofr[topta]«l},Itatharl); 

Xi[*tatop,F]  :-m!f(sob»  ((•■*[<*]  ,b-*fpla]  ,b-t[topta]  *t[topte)  *3/ (12*  (1-mital] 

*2))  )  <Xl[Itatop,F])  J  j 


.  8*V-4 bU  16  6 


^lil 


ln(6)-4o4+  16 a* ln(a)J6l-  I6hV»)*'W6) 


X(a*-  A1)  D 

r  •"  -3358560090822692575226480248 14274750482 1  104 

>  XlE*tatop,P]  :«  -subs  ( {PHXC-1  ,F[ top ta  1-0)  ,ltatherl) ; 

Xi flte top, F)  :-avalf  (aoba ({««R[cb]  ,b-Xtpla]  ,b— t [ topta]  ,tMt[aiJ *t [topta] *3/ (12* (i-ou[al] 
*2) ) ) ,Xi  [Itatop , F) ) ) ; 

2n-*.f  J" ^(7  *  f>4  °l  ~  3  X b*  - 5  *a  b1  +  4  X A4  a'  ln(a )  -  4  X A*  ln(A)  a1  +  4  it  A*  a*  ln(A )  +  16  x b*  o1  I*  6)  j 

P»«e4 


Full  Active  Valve(Linear).mws:  Page  4  of  14 


302 


\a  -4  Ka  b 1  In(a)  +  16  Jia2  In (a)2  A4  -  16  w  a  In (a)  b 4  ln(A)  j/(lt  (a-  A2)  D) 


2^  ,  -  .7246716855091782654098385470407258607940  10“ 

>  XildVt*top,F]  :«  ; 

Xi{dVt*top,r]  ,h=t[toj»t*3  ,tWEt*i]*t[topt*3  *3/(12*  {l-nu[»i 


“JVltlof, 

+  48  a 


,  .—^-12  b 4  ln(A)  a1  +  24  A4  a 1  li^~  j-  3  a‘  +  12  a  b2  ln(A )  -  12  a  b2  ln(a)  -24  a*  b2  ln^j 

r4 ln(a)2 b2  +  48  a4  b2  lr|j  jln(a)  -  48  a  ln(a )  b2  in (b)  +  15  a4 b2  +  48  a1  In (a )  b*  ln(A ) -  48  b*  a  lr^~jln(A) 

-48a2ln(a)2A4-21  AV  +  12  A4a2In(fl)  +  9A4j/ <(a2-A2)D) 

2,,^  e  v=  .7246716855091782654098385470406784  l O'" 

>  Xi[dVt*top,F]  :«  -rub* < { PHM>=1 ,  F  ( topt*  J  =0 ) , dVt*th*rl_BEHDIKG)  ; 

XI  [dVt*top,P]  :=«vmlf  {{*=»tch3  ,b=3t[pi«J  ,b=rt  [topt*]  ,D=X  [»tl*tttOpt«]  A3 /  (12+ 

5WttfJDf  ,  ?»1^^24  64a2lj(^j+  a  -  48  a  ln(a)  b*  ln(6)  +  48  «V  h^jl^a)  +  48  a4  In (a)2b*~  24  at*  lnj~j 
+  24  a4  A4-  10  a*  A2- 48  b *  a 2  li^jln(A)  -48  a2  ln(a)2  A*  +  48  d^a)  A4  ln(A)  +  7  A*  -  22  A4  a2  jtcj/ ( 


(a2-A2)D) 


BOTTOM  TETHER 


=  .1672014327695025501669898411677512555127  10'u 


Annular  plate  damped  at  outer  radius  (r=a)  and  guided  at  inner  radius  (r=b)  with  concentrated 
force  applied  upward  at  inner  radius  (r=b)  and  pressure  over  annulus.  These  relations  include 
„  bending  effects  only,  see  TctherBottom3 . mws. 

I  >  •qn:K’di«(X/r*di«(r*difC(Z(r)  ,r)  ,r)  ,r)=Q<r)/D’ : 

[  >  Q(j:):»r[bott*]/(2*Pi*r)  -  PS»C*FI* (cA2-bA2) / (2*Pi*r) : 

'  >  «I(r):-(lnt{0{r)/D,r)+Cl)*r: 

Q2  (r)  ,r)+C2)/r: 

Zt*th«r2_b«tiding (r)  :=«jqi*nd(izit  (Q2  (r)  ,r)+C3) : 

£  >  BC1 :  »rab«  ( { m) ,  Zt*th*r2Jbonding  (r) )  *0 : 

[  >  BC2 :»sub«{{r**} ,dlM{Zt*tdwx2_b«i>dln^(r)  ,r)  J*=0: 

[  >  BC3:=*taba{{r=^»},diff  (Ztetber2Jb«nding(E)  ,r))«=0: 

[  >  S«tl:=aolve({BCl,BC2,BC3} , {C1,C2,C3}) : 

[  >  Ztath*r2_BXKDIMC (r)  :»eoIl«ct (aubii  (Setl,Ztotber2Jben<llng{r) )  f  {F[botte]  ,D,PHAC>)  ; 

[  >  Zt*ther2  :*Coll«ct  (alrrplify  {snbs  {  {r=b}  ,J5t*thar2_BENDING(r) )  )  ,  {F[botte]  ,D,K»C})  : 

[  >  dVtoth«r2JB*OTXNG:«collAct  {aimplify  (int{2*Pi*r*Zt«thar2_BXNDllJC(r)  ,r=b. .a))  , {Pi,F[bott 


[  *],D,PHAC}): 

'  >  Xi[Ztabot,FJ  ;«  *dba(lFHItC=0fF[bott*]»l}  ,Ztathar2) ; 

Xiftta&ot,F]  :=«valf (*ub»a*»Rfeh]  ,b*R[piaI  ,b=tp»tt«l  ,0=*!E«iI*t[J»tt«]  A3/{12*{l-nu[ai] 
A2) )  }  ,Xi  rsttobotfF] )  J  ; 
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■7246716855091782654098385470407258607940  10’u 

Xi[dVt*bot,n  :-mlf(rth!(t«-l[<*]  ,b«X[p4*J  ,t*-t[bottm]  ,*«(•!]  *t  {bott*]  *3/ (12*  (1-nanH 
J*2))  J  ,Xi[dVtabot,rj))  ; 


,  * *’ «*-  4  A4  +  16  A* a*  lt{“jlo(A) -  4  a4+  16 o* 1n(a)V-  16 a  ln(a)  A*  ln(A) 
«(.*-*  D 


-3358560090822692575226480248  142747504*21  10 4 
>  Xltltabot,*]  -nbm  ((f*K>l,»tbott*]-0)  ,Bt*th*z2) ; 

XI  [Xtafeot, V]  :-ov*lT  (aaba  ((•■tt[oh]  ,b«*[pia]  ,b-t[bott«]  ,MEt«l]*t[bott*l  *3/(12*  (l-ira[*l) 
*2) ) ) ,Xi(St*bot , t] ) ) ; 


Ez^^^7**4a*-3*64-5«aV  +  4*AVla(a)-4KA4ln(A)d*  +  4«AVln(A)  +  16  *AVln(A) 
+  C  o4  -  4  *a4  45  lo(a)  +  16  *a*  l^a)*  A4-  16  *  a1  1n(a  )  b*  ln(A  )  j/  (*(«’-  ft*)  D  ) 


^ "  |92 (~ 1 2  b*  b >' ^ *  24  b*  a* "  3  +  I! 2  *  b1 lo(b ) -  1 2  a4 6s ln(a )  -  24  a* A*  lr|-j 

+  48  a4  bta)1  bl  +  48  a4  6*  Ir^-  jln(a)  -  48  a  ln(a)  6*  ln(A)  +  15  a  b'  +  48  a  !n(a )  A4  ln(A )  -  48  AV  lr^jln(A) 

-48a,ln(fl),64>2n4a,+  12  64a,ln(a)  +  9  6‘j/((e,-61)D) 


£^^,/t"-7w*71685509l782654098385470406784  Iff" 

>  XitdVtabot,*]  :■  -aub«  {(PHAOl  (Ffbotta]"0)  ,  dVtothor2_JUMDDfS} ; 

Xi[dVt«bot(?l:-*v»lf  (auba((a^[chj  ,b-t[botb*]  ,«(ail*t[bott«]*3/{12*  (l-Bo(ei 

r2)n,xitdvt*bot,?m; 


‘  ^  192  ((M  *  ^(r)4  a%  -  48  a*  **< ln( *)  +  <8  «4  b*  lr^~jln(a)  +  48  a  \a(a)1  b*  -  24  a*  b*  li^-j 

24  a4  A4  -  10  a4  A1  -  48  A4  a1  k^>  jln(fr)  -  48  a1  ln(«)*  A4  +  48  ^  ln(a)  A4 1n(  A)  +  7  A*  -  22  A4  a1  jn  j/  ( 


(a^-A^D) 


„  , .1672014327695025501 6698984 1 1 6775 1 2555127 1044 


0  Drive  Element  Plttei  (More  ComplUat:  HI  aged  Outer  Ctrcamfertice) 

Circular  plate  binged  tf  outer  ndiua  (t-a)  with  preaaure  acting  downward  over  entire  plate 
(from  r-Oto  r-a)  and  «rc«c  acting  upward  in  central  region  (from  r-0  to  r-b).  PoeHive  plate 
deflection  it  defined  in  the  upward  direction.  Theae  relation*  include  bending  and  shearing 
effect!,  aee  Pi«ton(WORST).mwi. 

[  >  *qn:-*diff(l/r*ditt(r*diff<I<r),r),r),r)^(r)/D*: 

[  >  Q_0b(r):«(Tp-»BXC)*Pi*r*2/(2*Pi*r): 

>  Ql<r) :»(int(Q_0b{r)/D,r)+ci) *r: 

02(r):-(int(0l{r),r))/r: 

Xpia_0b_b«nding (r) : «lnt (Q2 (r) , r ) +C3 : 

[>  1C1 :  -ruba  ( {  r*>} ,  tpla_0b_b*ivilng  { r) )  -Ebbandin* : 

C  >  *c2 ; ( (*■*) ; 4itt (zpi«_0bjb«nding  (r)  ,r) )  wdXbJbaadinf: 

J"  >  BC3 :  «eoba  ( ( rvfc}  ,dlf£ (dlff  (*pla_0b_b*ndiaj(r)  ,r)  ,r)  + 
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[> 

L> 


[> 

[■ 

[> 

l> 

[* 

r 

[> 

C> 

C> 

o 

c> 

[> 

[> 

[> 

L> 

[> 

C> 

l> 

i> 

[> 

[• 

[• 

C> 

c> 

l> 


nu/r*diff  (Zpi »_Ob_b*nding  (r)  ,r) )  =<12Zb_b«ading: 
eqn:— 'di££  (l/r*di££ (r*di£f (Z <r)  ,r>  ,r>  , t) «Q <r>  fD '  J 
Q_b*{r>:«tp*Pl*b*2/(2*Pi*r)  -  «»C*l?l*r*2/  (2*Pi*r) : 

Q1  (r)  :«<int($_be<r}/D,r)4C4)*r: 

02(r):»(int{Ql(r),t)+C5)/r: 

Zpi«_b*_b*nding (r) :-int<Q2{r)  ,r)+Cfi: 

BC4  :=*ub»  {{r«*}  ,Zpi*_b*_lnmdlnq{r)  )=0:  , 

BC5  :=rab#  { (z»«}  ,diff {diff  (Ipia_b»_bending(r}  ,r)  rr)  + 
nu/r*dif f  (Xpie_b»_bendirtg  (r) , r)  )  =0 : 

BC6  :*=etb*  { { r-b  J ,  Zpi»_b«Jb«ivding  { r) )  -Zbjiending: 

BC7;a*«b*({r=b)  ,dIf£(Zpd*_b*Jb*nding(c) ,  r } }  =dlb_b*ndirvg : 

BC8 :  =eubs  (  {  r=b )  ,dl££ (di£f  {Xpi«__b*_b*nding (r J , r)  ,r)  + 
nu/r*di££  (Zpiejbejbendicq  (r)  ,r) )  =<12  Zbbe  tiding: 

Setl:»eolv»({BCl,BC2,BC3,BC4,BCS,BC6,BC7,BC8),{Cl,C3,C4,C5,Cfi,ZbJ>endij^,dZbJbeiKling,d 
2ZbJbending}) : 

Zpi*_0b_BEKDXXC (r) :  =»collect (eub* (Setl , Ipi*_0b_b*nding <r) ) ,  (D,Tp,PHRC>) : 

Spiff _bajnQ9DZHG{r)  : “collect  ( «ab m (8« tl , Zpi »_b*_b«iiding (r} )  ,  {D,Tp, PHAC) ) : 

dVp  1  «_0b_BDIE  1VQ : collect  (elispllfy {lnt (2*Pl*r*2pi*_0bm8nJDUrC (r)  ,r«0.  .b) )  , {Tp,ra*C} }  : 

dV^l«_b»JBm)I*G:=coll®ct(»laspU£y{llxt(2*Pi*r*Zpi«_b*-HBllDIMG(r)  .«) ) ,  {Tp,PHAC)>  : 

eqn4:='diff (Z  (r)  ,r)~-*lph**0_<r]  /G/h  *  j 

2pim__0b_*h«*ring (r)  :«int{-»lph«*0_0b (r) /G/h,r)+C7: 

8C9  ( {r«b  J ,  Zpi  g_0b__«b«axlng  (r) )  *Zb_*h**ring : 

«qn4:«'diff  (Z{r)  ,r)*-*lph**^_{r)/S/h» : 

Zpi *_b*_*h«* ring  (r)  :  -lot  ( -«lph»*Q_b»  (r)  /C/h ,  r)  +C8 : 

8Cl0:»eubs  {{r»*>  , Zpisbeeheering (r)  )«0 : 

Bdl :*snbs  ( {r-b}  , Epi»_be_»h«arlng (r)  )  «Zb_*b**ring: 

8«t2 :  =*«olv«  ( {BC9 ,BC10 ,BC11)  ,  {C7,C8,Zb_«he*ringl)  : 

Zpi e_Gb_SHXARING (r)  :=collect  (stub* (S«t2,Zpie_0b_»he*ring(r)  >  ,{D,Tp,PHAC} } : 
Zpia__b*_SBEARXHC (r)  :  ^collect ( »ub«  (S«t2 , Zpi*_b*._*h«*r  ing (r ) ) ,  {D,Tp,PHXC>)  : 
dVpi»_Ob_SHIAIlXNG:Kcoll»Gt (siatpiify {iat{2*Pi*r*Zpi«_0b_SHERRIHG(r)  ,r-0.  .b) )  ,  {Sp,PH*C}) 

dVpi*_ba_8HZXRXIK;:  =col loct ( a imp lify ( int (2 *Pi*r*Zpia_b«_SmiARIirG {r J  ,r«b. .«)) 


Zpl«jOb{r)  .‘-collect  (Zpi*_0b_BKHDUfG (r )  +  ZpiaJ>b_SH£ARIMG  (r) ,  {Tp,PHAC}) : 

Zpi*_ba <r)  :=coll«ct (Zpis_be_«NDIHG{r>  +  Zpi*_b»_8H£ARHFG (r) , {Tp, PHftC} ) ; 
Zpltt_0:=rub»  ({  r=0) ,  collect  (Zpi«_Ob_BSaOISG{r}  +  Zpit»JJb_SHEARING  (r)  ,  {Tp,PHAC} ) ) : 
dVplat collect  (aisq>lify  (dVpi*_Ob_HENDING  +  dVpis_b*_BZND  DUG  +  dvpi  n_Ch_SKEXBJXG  + 


dVpl  *_b*_SHEARIHG) , {Tp , PHAC} ) : 

Xil[Zpla,T]  :=*  eubs  ({PH*O=0,Tp=l}  ,Zpis_0) ; 

Xil  [Zpla  ,T]  ;s=*velf  {aubs  ({«=R{pls]  ,b=HCp]  ,  nu=nu[*i]  ,»lph»=»lph»[»l]  ,h=t{pi»] 
pie] *3/ {12*  <l-Bur*I] ^2) > ,  C*K [el] / (2* (1+na [el] ) ) ) ,Xil [Xpls ,XJ ) ) J 


i  -7  b*+  l2b2a+4vb1a-3vb‘,  +  4  b*+  4  b* 


( 1  +v)  D 


I  0t(-&2  +  2Aaln«.)-2lD(a)&:i) 
4  Gh 
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Hl^,  rr-  .19660S00714154409S3131270457S8105S060173  10'*1 

>Xil(Ipl*,PJ  -robe  ( { MQC-1 rTp-0) , lpla_0) ; 

Xil(SpU,»l  :«*nr»lf  (nb«  ((a«*[pl«]  ,b-*{p]  ,alph*-*lph*(al]  ,b-ttpUJ  ,I«[«J.]*t[ 

pi*l  *3/ (12*  (1-BaI.i]  ^J) )  ,0-lt.lJ  /  (2‘ > ) )  ,*U  [epi^^n ) ; 


C  l  •„  I  -5fl4-Va  t  g  a 
~  (I  +  v)D  +  4  Gh 

^-78396573 1 5340909090909090909090^^  I0*U 

>  Xil[<Wpia,T)  :«  «*>.((P»f>0,Ip-lJ,dvplat); 

X±l[ift*ij,Tl  :-mlf  (aub.  Xt[p)  ,nwwra[*ij  ,alph*-*lph*r*lj  ,b«t(pia] 

tpl*l *3/(12* (l-t«r*ir2})  ,»«(•!] / (2*  (l+im(.ij ) )  )  ,Xil(dvpi*,T]) )  ; 

E l'r~T:m~l92K{4*  a  1,1  a%  D  +  **  °  D  v  ~  24  a  b*  D  v  -  24  o  b*  D  +  24  b*  G  h  b(o)+  24  b*  Gh  v  !n(«) 

~ 9b *  G  h  a*  -3  b*  G  hv  a1  +  b*  G  h  +  b*  G  Avj/ (D  (I  +  v)G  A) 

Hl^f'  -2298426«3309122366273 12293201 576508 16464  10’" 

>  -ruba  ((WU£>l,Tp^)  ,dVpist)  ; 

Xil [dvpia,p)  (-ub.  ((»-R[pii]  ,b-K[p)  ,mwm[ii]  , alpha-alpha t*i]  ,b»ttpiaj  (D4[il]H 

lpi*l *3/ (12* (l-aa(ai I A2) J , 0-2 [■!] / (2* (1+oa tail ) ) > ,Xil [dvpia ,»])); 


+  15  b*  G  h  a*  +  5  bl  G h  a*  v  -24  b*  G  k  In(A)  -  24  A4  <7  A  ln(6)  v  +  24  A*  <7  A  ln^~  j+  24  A*  C  A 


rj  I  *(-24 a  a4  D  v  -  24  a  o4  D  -  a*  G  A  v  -  7  g*  G  ft) 

■  D(l+v)Gft  ' 

- - 1 027688 1 9759920296273  S 1 16826998110045184  I0'u 


ffl  Drive  Element  PUtoa  (Leu  Compliant:  Rigid  Oater  Circa  mfereBce) 

0  rcular  plate  clamped  at  outer  radius  (r-a)  with  pressure  acting  downward  over  entire  plate 
(from  r-0  to  r-a)  and  stress  acting  upward  in  central  region  (from  r-0  to  r-b).  Positive  plate 
deflection  is  defined  in  the  upward  direction.  These  relations  include  bending  and  ahearing 
effects. 

[  >  •qnt-'dlff (l/r*diff(r*dlff <*(r),r) ,*) ,r)-Q(r)/»’; 

[  >  R_0b(r)  :«<Tj>-HttC)*»i*r*2/{2*Pi*r) ; 

>  01  (r)  (lnt  (Q_0b (r)  A> , r) +C1)  *r: 

Q2(r);-(lat(Ql<r),r))/r: 

Xpls_0b_bwodiivg  (r)  :  -lot  (Q2  (r) ,  r)  +C3 : 

[  ^  Kl  :attibs({p4))  ,lpis_0b_baadinf  (r)  )4b_bandlng: 

[  >  BC2:-*tiba  ((r-fc)  ,iUff  (2pla_0b_b«Ddlng(r)  ,r) )  wdZbJbandlDg: 

[>  BC^r-aube ((r*b)  ,diff  (diff  (*pia_0bjbaad±ag(r)  ,r)  ,r)  4 
au/r *dl f f  ( Zp ls_0b_bnndlxtg  (r)  ,r) )  -d2Ib_b«oding : 

[  >  •qn:»*diff (l/r*diff(t*diff (t(r> ,r),r) ,*)«Q(r)/U': 

[  >  Q_b.(r) :-Tp*Pi*b*2/(2*Pi*r)  -  PBAC*Pl*r^2/ (2*Pi*r) : 

>  01 (r) (lat (Q_b« (r) /D , r) +C4)  *r : 

C2  (r)  :-(int(Ql(r)  ,r)  +C5)/r: 
fela_ba_baadlsig  (*) :  -int  (Q2  (r)  ,  r)  +C« : 

C  >  »C<  •  { { r—*) , tpl a_ba_l>andlag  (g))«0: 
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[> 

[> 

[> 

r 

r 

[> 

C> 

l> 

l> 

c> 

l> 

c> 

c» 

l> 

l> 

l> 

i> 

l> 

c> 

r 

r 

c> 

i> 

[> 


BCS;-«ub« <{*■») , diff (2pi*_b»Jb*nding (r)  ,r))«0: 

BCfi:*»sub8  {{r*b) , Epi*_b«_b«ndlng (r) ) “ Zb_b*oAtng : 

BC7:=*ub*{(r=b}  ,di£f  ( zpi «_b*_b«ndlng  (r)  ,r) )  =d*b_b«Kling: 

BC8  :=#ub«  <{r=fe)  , dl££ (diff  (Zpi.*_ba_b#nding (r)  ,r)  ,r)  + 
mi/r*diM  { £  pi  *_ba_b*nding  (r)  ,  r)  )  =d2  Ib_b«ndlng : 

Sm tl : -colv*  ((BC1  ,BC2 ,  BC3  r  BC4  ,  »C5 ,  BC6 , BC7 ,  »C8  )  ,  {  Cl ,  C3 ,  C4 ,  C5 ,  Cfi ,  2b_bending ,  dZbJbendiag, d 
2Zb_bendi ng} ) : 

lpi*_pb_BEK>IJrC (r) : »ooll«ct (snba  (S«tl , rpi*_Cb_b«a<LLng (t) )  ,{D,Tp, PHiC)  >  : 
^pia_b*_BKHDIKG(r)  :»coll*ct  {«ub«  (S«tl,*pi»_baJ»«nding (r) )  , {0/Tj>,PSAC))  : 
<JVpiB_ObJB*attDXKC:«coll*ct:{Bi*plify(liit (2*Pl*r**pi«_0b_B*:llDr*rC{r)  ,1*0.  .b)) ,  {Tp,PHAC}>  : 
dVpi*_b«jaEIOX*G:“colI«ct  («laapl.ify  (int  (2*Pi*r*Xpi«_b»_BENDI,rS{r)  ,r=b.  .*))  ,  {Tp,FHAC}}  : 
•qn4:  =  'diff  (Z{r)  ,r)»~»ipJ»*q_(r) /fl/h ' : 
atpi «_0b_8h—  ring (r)  : «int { -alpha *Q_Ob  (r)  /G/h, r)  +C7 : 

8C9 :  { {r«b} ,  2pi  *_Gbjah«*r±ng  <r} )  =£b_*h*»xing : 

•qn4:»'dlff  (e(r)  ,r)»-alph«*q_{r)/G/h' : 

Xpi *_ba_*h*ari«g (r)  :*»lat <-«lpb»*Q_b« (r) /G/h,r)  +C8 : 

BdO:«tnbi  ({t=«}  ,*pi*_b«_*h«rlng(r)  J  «0: 

Bdl:-=rub«{{r=b} ,  Epi*_ba_*h**rlng  (r )  }*Zb_ahearing: 

Bmt2  :-»olv«  ( (BC9,BCiO,BCll) ,  {C7,C8 ,  Cb_»l»mriag}  >  : 

Zpd ■_0b_5I0C*RIHa (r)  :»colI*ct (irab* (8* t2 , Spi*_Ob_sh*ar lng (r))  ,{D,Tp, PBAC) ) : 

Zpi «_b*_8HEARXKS ( r )  :-coll«ct{»ab*  (8«t2 , Zptajb»_*h«*ri»g (r) }  , {D,Tp,PHAC}) : 
dVpi«_Ob_SHEARIRG i “collect (einipllfy { int (2 *Pi*r* Kpl«__°b__SHEAKIMS (it)  ,r«0.  .b) )  ,{Tp,PSAC}) 

dVpi*_b»_SHEARXirG:^coll«ct  ( simplify  (int (2*Pi*r*Zpi*__b*_SHZARJirG(r)  ,i~h. .«) )  ,{ip,WOC}) 


Xpi.JJb (r)  : -collect  <Epl*_Ob_BKHDHfG (r )  +  Zpia^Ob  SBXARUW ( r)  ,{Tp, PBXC } )  : 

Zpi._h*  {*)  : “collect  (2pi«JbeJ8ENDIHG  (r)  +  Zpi*J»JSHKARIMG  {r),{Tp,  HOC} ) : 
Zpi«_0:=»tib*  ({r=0}  ,colX*ct{Zpia__Ob_BWDIKG(r)  +  Ipi«_Ob_SHSWUMG (r) ,  {Tp,BHACH ) : 
dVpi«t:*coll»ct{»iaiplify{dVpiB_0b_E5CKDINC  +  dVp  I  •  Jb«__BEKD  IKTC  +  dVpi  «_Ob_SHKARTNG  + 


dVp i ■_b*__8HEARIMG)  ,  {Tp,PS»C} )  : 

Xi2(Zpis,T]  :*  *ob*  ({PHAC=0,Tp=l},2pi*_0J  ; 

X12  [Zpi«,T]  :»»vmI£{»Tib8<{*»4ltpl«3  ,b=R[p]  ,nu»nut«il  ,»lph»««lph*[»ij  ,h"ttpi*3 
pi«lA3/<12*{l-imt»il *2) ) rO=«[#i] / {2*  <l+na[*ll >  > } ,Xi 2 [Zpia,TJ )) ; 

Jt_  4  _1_  1  j  ±_  4 

~64  6  +  I6b  ° )  1  a(-^+2ftIln(&)-21n(a)&1) 

S2Z*.t^  D  ~4  G  h 

52^r:=  .7888483668699864076767250030356035147167  10*n 

Xi2 [Zpi«,P]  -•qb»({PHHC-l,Tp«0>/Zpl*_0}; 

Xi2[Xpi*,P]  s^avalftBubatCwaRtpiBl^b^tpIjniisniitall/aaiihi^lpluiE#!]  fb=tlpl»3 
pi«3A3/ (12* (1-na t*il A2) ) /{2* {l+nu(*i J ) >  > ,X12 (Zpl* ,»] ) ) ; 


-  1 Ba 

“Vp:“64  d+4  Gh 

32^^^230637428977272727272727272727272727273  10'12 

Xi2[<l»pi«,T3  :*  *i^{(raAO»0,,rp»l>,<tVpi*t>,- 
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TU  fdVpi*,Tj  (rubs({«-*(pis]  ,b^[p]  ,no-no[»ij  ,alph*-*lph*[si)  ,b«t[pi#i 

IplB] *3/ (12*  (l-t»t»ll *2) )  ,0«*Ui1  / (2*  (1+00 t«l] > >  }  ,112 t<»*>la,T] > )  ? 

-2  — L 

"  192 

■^4«a6,<i1D-24aft4D-3fc4CAfl,  +  244‘CA^j  +  3  5,CAa4-246‘GAlD(6)  +  24fr‘CAli1(a)  +  ft*<;Aj 
/(DGA) 

22^  *634 19693 1034W1623 1443513844306627385162  10'" 

>  *12[«Wj>is,»J  -^xd»s{{»«JU>l,Tp-«},ilVpist)  J 

X12[d9£d«,»] :-*valf (subs ({•«* [pis]  ,b«*[p]  , alpha—  lpha[s  II  ,h»ttpl«1 

Ipi*lA3/(12*(l-imr«ilA2J)  ,0-C[«ll/(2*(l+tm[*l]) )  ),ll2[<fvpl*,»)  J) ; 

..  1  x(-a*C  A- 24  q«4P) 

~  m  DGA 

„  22^  ,:- .2347316925014454026966632223282621962794  lO-17 

0  |  Drive  Eltmcil  PUtsn  (Averaged  Compliance) 

Thi»  section  avenges  the  compliances  effects  from  the  previous  two  section  on  the  piston. 

In  reality,  the  When  are  compliant  enough  that  they  don’t  provide  a  rigid  boundary  condition 
at  t-a,  however  they  are  not  soft  enough  to  provide  a  hinge  there  either.  Therefore,  the  compliance 
is  assumed  as  the  avenge  of  the  two.  This  effect  has  been  shown  with  FEM. 

>  Kratlo:»Q.S; 

.  DErailo  :m  .5 

>  Xl[Epis,T]  (l-DSiatio)  *Xil  [Ipia ,T]  +  (XJXratio)  *X12[lpls,T] ; 

2  ^  r  .  I 3774492 191427136 8040 39977303083307 87445  Wn 

>  Xi[Zpls,*]  (1-Mtxatlo)  *111  [Zpis,P]  +  (D* ratio)  *X12  [fpla , P] ; 

2^  ,  ^  .5035 147372 1 59090909090909090909090909092  10'n 

>  Xl(dVpl*,TJ  :«  (1-DKratlo)  *Xil  [dVpl#,T]  ♦  (Wrstlo)  *X12  [dVpia ,TJ  ; 

s**,.r:"-<4*<i31I782062712642937790352294l56777490  10'17 

>  XitdVpi*,*]  :»  (1-BEratlo)  *Xil  (dVpls , 1]  +  (DIraUo)  *X12  [<tvpis ,»]  ; 

„  2^  ,^*. 6312099450503241827158900246632211207317  I0'n 

[p  Top  StncUral  Compliance 

Annular  plate  damped  at  outer  radius  (r-a)  and  free  at  inner  radius  (t-b)  with  a  pressure  applied 
underneath  plate  from  r-b  to  r-a  and  a  concentrated  force  appliod  upward  at  r-b.  Positive  plate 
deflection  is  defined  in  the  upward  direction.  These  relations  indude  bending  and  atearing  effect!, 
aee  TopChamherPlate.mws. 

[  >  •qnta'diff (l/r*dlfC(r*di£f (I(r) ,r) ,*) ,r)-Q(r)/D* : 

C>  fl(r)  :-*W(2*Pi*r)  ♦  Mnc*>l*  (r*2-b*2)/(2*»i*r) : 

[  >  Ql(r)  :-(!*■  t(Q<r)/D,r)*Cl)*r: 
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|  02(r>:»<int(Ql<r),r}4C2)/r: 

[  *topJb<mding(r)  :«±nt<02(r>  ,t>4C3: 

£  >  BC1  :>c*ab«  <(r=«}  fItop_b«mding{r)  )*=0: 

[  >  ,dl£r(*top_b«r»ding{*)  ,r))«0: 

£  >  »C3:-«ab»{{r**),<!iff(diff(*fcop_b«ndlng(r)  ,r)  ,z)  +  *m/r*di« <Ztop_l»n<iing<r)  ,z))«0: 

s«tl:»»olv*{{BCl,BC2,*C3MCl,C2,C3}}: 

Q  >  ztopJBXNDXHS (r)  :>wll«t:(*i**{8«U,atopJ>Knding(r)) ,  {rvm,D,PHAC)> : 

[  >  ltop_b«nd:*»coll«ct(»iapIlfy(»t>b*(lr=4>),Ztop__B*HDIlW{r)))  ,  (r«n,D,PBaC)) : 

£  >  dVtop_BTKDIKG: -collect (aiinplify  <int (2*Pi*r»Ztwp_aKKDrNG (r)  ,1a*. .*}) f {ti,fvm,D,PHXC}) : 

£  >  eqn2:*'<liff  (2{r)  ,r)  — *lph»*Q{r)  /G/h’ : 

£  >  I top_*b* mzLag  (r)  :«int <-»lph**Q  (r) /C/h, r)  +C4 : 

£  >  BC4:=w^*({r=»},Itop_mbMring{r))«0: 
l  >  S«t2:-*oi™«BC4),<C4»: 

[  >  Ztop_SHKARWG  (c)  :=a,ub*  (S«t2  ,Ztop_«h**ring{r) }  : 

[  >  Ztop_.Wr:-coLl*ct(«la^lify(*ub«{{r^),Ztqp_SHIARXHG(r)))  ,{IVmrPHAC))  : 

[  >  dVtop_8ttE*RI3l6 :*=coll«ct (simplify (int (2*Pi*r*Itop_SHEARIw;  (r)  ,r=b.  .*))  ,  {Fva,  FHA£}  )  : 

[  >  Ztopl :  -collect  (Xtop_b*nd  +  2top*h«*r,  {Fv»,PHAC})  : 

[  >  dVtopl :  -collect  ( sSV top_B£KD rifG+<£Vtu>p_SHKAKIHG  r  {  rvm ,  PHXC  } )  : 

'  >  xi[Ztop,?]  ;«  mib*((raac*l,iNn^},zt«pl); 

Xi{2tqp,P]  :=«vmlf («ab*  ({*=R[ch]  ,b=R[vm]  ,nu=nuf«I]  ,alph*=*lpha [«i]  ,h=t[top]  fD=®r*i]*t[t 
op]  *3/  (12*  {l-nut»ij  A2) ) ,G«K[si] /  (2*  (l+nut«i| ) )  ]  ,Xi I2top,P]  J )  ; 


EZtaf>  f,v=-'~^ynb6 V -Kb* a  -  I6ltb*aln(b)  In^jjv  -  16«A4 a2ln(A)li^— j+  4na*  V  A2lu(tf) 

+  \€na  ln(a)A4ln(A)-  16  Ka\a(afb*'t-  4  Kb*  a  vln(cr)  +  7  *a‘  +  4  xb*\n(b)aV-Ka  v  -4  *AVln<A)v 
+  16  ltd1  ln(a)  v  b*  ]n(b)+Ka-7Ka*  b 2-  16  Ka  in(a)1b*+ 4  nab1  ln(ff)  -  7  Kb*  a  V  +  5  K  A2  V  a* 

+  20  Jt  ft4  a1  ln(a)  -  tub1  a*  ln(A)  -  20  jr  A4  ln{A  )  a1  j  /  ( Jl  (  -a1  +  a2  V  -  A2  -  V  A2)  ] 


»  )  D) 


1  g(-A2m-2A2ln(A)*  +  a2n-2A2ln(a)*) 
+  4  Ghn 


ZlK^f:=.lU25l0763604$474334563SQ0460S624S57i029  10'n 
‘>n[Ztc^,F]:-«^((l?HllC*OrIWahZtopl); 

Xt[2top,r]  :**»v*lf  («nb* ( {»~R[ch]  ,b«R[vm]  ,nw=mi[*i]  ,*lph*«*lpha[»i]  ,h=*(top3  [al]*t[t 
op]A3/ {12*{l~mit*i]  A2) )  ,G=*[«i]/(2* (l+nut»i]>)),*i|::itop,F])) ; 


2*-  *  8  V  AV+  16 a  fo^)1  **+  32  A2  ln(A)  a  -  32  a  ln(«)  A2 -  4  V  a  -4  V  b*  +  4  a* 

+  I6A1«Iln(A)i^-jjv+16Azo2^jln{A)-I6a2ln(fl)vA2ln(A)-  16a2lii(a)A1ln(A)+ 16a2ln(fl)2  v  A1 


AV-12A4j/ ■ 


,  ,  1  a(-2ln(A)  +  21n(a)) 

<;r(-a  +a  v  -  A  -  v  A  )D)  +  “” - 

•*.1775479105428133086725272014729944768799  10'7 


>  Xit<lVtop,P3  :=  *ab» ({PHac=l,Fwis=0}, dVtopl); 

Xi[dVtop,P]  ,b=>R[vm]  ,nu=nu(ai]  ,mlph*=alph»[ai]  ,b=tItop]  ,B««(*i]*t{ 

top]  *3/  <12*  {1-nu t«il  A2) )  ,G“*  [■«  f  <2*  d+nu  tai] )  > )  ,X1  £<Wfcop ,  P]  } ) ; 
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13  b*  +  a  +  12  a4A4  +  2A4a*-48a’ln(a)v  A4ln(A)  + 22  a’v  b*  +  10 a*  v  A* 

-  24  a4  v  A4  -  a*  v  -  7  v  A1  -  48  a*  b*  In^—  jv  ln(a)  +  48  a*  A4  lr|—  j  v  lr<A)  +  48  a  ln(a)  v  b*  |n(A )  -  24  b* a’  j 

-  48  a4  In(a)*  b*  +  24  a4  A4  lr^J  j+  48  a  In (a)1  A*  +  48  a1 10(a)’  A*  v  +  48  c  ln(a)  A*  ln(  A)  -  48  a*  b*  li|-jln(a) 

+  48  A*  a*  lt^  jln(A)  -  48  a’  lo(a)  A*  to(A )  -  48  a*  ln(a)V  V  -  24  a*  6*  ^  j v  +  24  aV  l^-  j v  -  48  A*  tn(a)  a1 

+  48AVA)a’),)/((^Va’v-A’-vA’^^ 

r  *  .16380973462751 69420654979054561 191650143  I0n 


>  XlttfVtop.Fl  *Tfca({P«u>0,fW.l),<lv-topl)  ; 

3tt[dVtop,r]  :-wrmlf  (nb«((v«(ch]  ,no-ira(ai]  ,  alph*»«lpha|[ai]  ,hwt [top]  ,X[»i]*tI 

tap!  AJ/  (12*  (1-no [•!]  *2) ) , O-C [ai]  / <2*  U+on  [■!) ) )  )  ,Xi  [dVtop,F] ) )  ; 


~(-2|‘»4*,-*4A4ln(A)a*+8464a,In(a)-3A4a,+  3a‘  +  9vA‘  +  216‘-48a’ln(a),vA4 
“  24  a4 b1  jv  +  48  a* ln(a )*  v  A*  +  48  a  A*  jv  ln(a)  +  12 a*  v  ln(a)  A*-  12 a* V  A4  ln(A) 


48 a*  v  ln(a)A4  ln(A)  -48  AVln^jv  ln(A)-48  a4ln(a)  v  A1  ln(A)-  3  a#v  +  24  A4o,ln^“*jv+  15  a4v  A1 
-  12a4Ln(a)vA1  +  12a4v  A*  ln(A)-  21  a’v  A4  +  48aVlr^jln(a)-48a4lo(a)  A’ln(A)+  48a’ln(a)A4  ln(A) 


-  48  A4  a*  ^  jln(A)  +  24  A 4  a1  ln^ j+  12  a4  A1  ln(A  ) -  12  a4  A1  tn(a)  -  24  a4  A1 j+  48  a4  ln(a )*  A7 

-48a’lo(a)’A4)/((V  +  a’v-A’-vA’)D)-i-tt(-2a^2&,-4fe>^>*4lD(a)^ 

;  8  Ck 


rr-.  14425 1076360484 74 33456380046056248573035  I0n 


0  1  Valve  Cap/M embrmae 

AnxwUr  plate  damped  at  outer  radius  (r-a)  and  guided  at  imer  ndiua  (r-b)  with  differentia; 
pteaant  applied  underneath  plate  from  r*4>  to  r«a  and  concentrated  force  applied  upward  at 
("4.  Itoritivc  plate  deflection  is  defined  in  the  upward  direction.  Tbeae  relations  only 
»  benring  effects,  ree  ValveCapMetnbrane.tnwv 

[  >  •qn:-’diff (l/r*dlff(r*dl£f (w(r),r),t)  ,r)-0(r)/0': 

[  >  0(r)  :fW  (2**l*r)  +  (r'^-b'*)  / (2*W*r)  : 

>  ai(r):-(lat(0(r)/D,r)4ClJ*r: 

Q2  (r)  :  -  (In  t  (<H  ( r) ,  t)  +C2)  /r : 

Svabaodiagfr)  : -«q»«d  (iat  (Q2  (r)  ,*)+C3)  : 

[  >  »C1 :  -aubs  ( ( r-w ) ,  Kmjxndlag  (r? )  -0 : 

[  >  BC2:-aub«({r-«} ,dl£f (Xvre_b«ndlng (z) ,r))*4: 

[  >  ■C3:«*uba({r^>},diff(Ew_bTOdlng(r)  ,r))»0: 

[  >  »nti:«*olv«({»Cl,»C2,»C3),(cl,C2fC3)) : 

£  >  Svaa_URDXKO(r) : -collect  (auba  (8«U,t*M_b«ndi&g(r) )  ,  (Fvc  ,D,tv»))  : 

C  >  Ivcl  :-coll*ct  (ai^Jlifj(auba  Hr4>) , t«JHWDniO (r) )) ,  lIVc.D,*™})  : 

[  >  dVWjHBBUie :«©ollnct (al*pllfy (int (2*Pi*r*Evw_B43CaiG ( r)  ,r-b.  .*) )  ,  {H,tVe(0(P*m}) : 
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>  Xi[Zwt:,P3  :«  •ub»USVc=0,Pv«»=l),Zvcl); 

Xi[Xrc,P]  («ub*({«=<R[viB3  fb-»[vc]  ,*v=t[vm]  ,D«a[.i3 *t[vm]A3/(12* (l-nutat]A2) >},Xi[Z 

vc,P])>; 

S  ^  f  .*=“^7  xb4a-3Kbt~$1ca4b7+4%b*a  ln(a)  -  4  x  b*  in (A)  a2  +  4  K  A1  a  ln(A)  +  16  Jt  A4  a  ln(A)  ln^“  j 

+  ita‘- 4  K  a*  b1  ln(a)  +  16  n  a2  ln(a  )2  A4  -  16  Ka2  In (a)  A4  ln(A )  j/  (* (a2  -  A1)  D ) 

P  :=  .12363069448736683587470371863420533 19349  10* 

>  xi[*vc,r]  «ubs({IVc“l,Pvm»0)  ,2vcl)  ; 

Xi  [Zvc , F]  (auba  ( (»=RIvml ,b=RtveJ  ,  D*S  [ai]  *t [vm]  *3/  (12*  (1-mx  [nil  A2) } ) ,Xi  t* 

irc,rj))7 

t  4 a-  16 a2  ln(a)2 A2  +  4 b* - 8 A1  a  -  16 b 2 a  lt^~ j In(A )  +  16 a  ln(a) b1  In (A ) 
lt(a2-  A2)D 

EZir  r~  .0001891300225883061570524241081849325118186 

>  Xi[dWm,P3  :«  ax»ba  { {Fvo=0 , Pvw=l }  ,dWm_B2HDXHG) ; 

Xi  [dWm,  P]  :»mlf  (aub#  ( ( w=R [va]  ,*•*  [vc]  ,fc»t  pnal  [si]  *t [vm]  *3/  (12*  (1-na [ai]  *2)  )  )  ,Xi  I 

EJVvm  ,  b 4  c  ln^*  j+  a* -  48  a4  ln(«)  A4  In(  A)  +  48  a4  b4  b|~jln(a)  +  48  a4  ln(c)2  A4 -  24  a  b*  li^j 

+  24  a4  A4  -  10  a*  A2  -  48  A4  a 1  li|-j j  ln< A  )  -  48  a7  !n(a  )2  A4  +  48  a1  ln(  a)  b6  ln(  A)  +  7  A*  -  22  A4  a1  j  r  j  /  ( 


(a2  —  A2)D) 


=  .9031509650514488184176314920963760635496  10' 1 


>  Xi  [dWm,  F]  :«  *uba{{*Vc==l,Pvj»=0},dVwm__BKKDlSG)  ; 

Xi  [dVra, P] ; »«v*lf  ( auba  { {•=* [vm]  ,b=K  [vc]  ,h»t[vm]  rD**[si3*t  [vm]  A3/  (12*  (l-»a  [ai] A2> ) ) , Xi [ 
dVvm,F]>); 


‘"irm.  r 


a4  A2-  9  A4  -  48  a1  ln(a)  A4  ln(A  )  +  48  A4  a1  In^-  j  ln(A)  +  21  A4  a2  +  48  a2  ln(a)2  A4 
12  A4  \a(b )  a1  -  12  A4  a2  in(a) -  24  A4  a2  ^ j+  3  a* -  48  a4  A2  j  ln(a )  +  48  a4  tn(a)  A2  Ln(A )  -  48  a4  Ha)1  A2 
12aVln(A)  +  24aVli0j+  12a4  A2ln(a)  j/ ((a2-A2)D) 


,  :=  .123630694487366835874703718634205331944  10* 


Ip  Step  4:  Solve  Equations 

>  Solutioxia:=aol'v«({Z0Nl,KgN2,IQH3,*flfr4,*QK5,XCEH6,*QK7,Xax8,IiQl»9,l!Qin0,EgSai,E(IS12,EaW13fKQ 
W4,WW5,XQia«,Sa!*17} ,  (X[pl  <T[pJ  ,*[bot]  ,Z [te]  ,P[HftC]  ,dV(t«3  ,Z(pia]  ,dV[pia]  ,dV[flu±d]  ,X[t 
op]  ,dV[top]  ,F[vm]  /E(vc]  ,dV[vm3  ,Ptvc]  r«tpl  J>  J 

’  >  SolutionaValB*H:*«v*l£{aiiba{{PI13=0. 5*6/P(21i=0«6,VCp]=500} , Solutions))  ; 

SolutiofuVaJua  :=  {  T,=  .2231936350709793062278122870357821015647  107, 

Zto  =  -.1163329724718546223813989792182145983230  10“*,  Zp  -  .7522550650712129700871283613902818672634  10"4, 
dV .1872711788601659056212980592568417325255  10'“,/^=  .2949951827261501434908943661858065648750, 
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.8044211902127622847866619042834808352349  JO*’,  -.1525217750740688068517105409610629628775  10'n, 

22  l79fi  <922473M53 76986 1B440  M  55057549960,  rfK  *.1327480701927576751967670781787336404598  10*'*, 
*>*'  W5759995 133*4354637595 1022880)996409326  10*,  2^  «=  .000011 5727890291 7103407 170790367469559248067, 
^^*  •9807373020567373342830674851203196699054  lO  ^F^  -  -.08399154105942311823880775989422955139809, 
2^-  .6359220925993583477057293821720672689401  10"*, =  .440162O974655I48O13297783592918676280O78  Iff4, 
.1314156375508000117308951551571083207255  lO*"^-  J723198942120302708075553839325050285056  Iff’ 

.1  ) 

C> 
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B.l  NLValveCapMembrane-CaseA.m  [see  Section  3.5] 


r ' ^tota 1 ,  ps i , W, the ta , xi , thet aND , ps iND , s igma_r  toP,sigma  r  bot,yvc,max3tresa) 
NLValveCapMembrane_CaaeA (Pvm, Fvc,  rb, ra, tvm, E, nu, f lagNL, Ho)  ” 

(NLValveCapMembrane_CaaeA.m 

(David  C.  Roberta 

*Thia  Matlab  code  eolvea  for  the  non-linear  deflection  behavior  of  the  valve  cap 
(/membrane  under  loading  Pvm  and  Fvc.  The  deflection,  elope, 

% curvature,  swept  volume,  and  membrane  stress  are  calculated.  Case  A  refers  to  the 
'fact  that  we  are  applying  both  loading  inputs  Pvm  and  FVc  and  determining  the 
•structural  response.  Prior  to  calling  of  this  code,  the  user  must  define  Pvm  and 
%Fvc  as  functions  of  PI,  P2,  and  PHAC.The  loadings  are  defined  as  follows: 

4  Pvm  -  pressure  differential  across  valve  membrane  -  PHAC-P2 
%  Fvc  -  force  seen  by  valve  cap  *  Avc* (PHAC-P1) 

'The  plate /membrane  is  characterized  by  inner  radius  rb,  outer  radius  ra,  thickness 
'tvm,  and  material  properties  E  and  nu.  If  flagNL-0,  only  linear  theory  will  be 
(considered.  If  flagHL-1,  non-linear  theory  will  be  considered.  No  is  the  value  of 
(the  in-plane  pretension.  In  this  file  yvc  is  the  valve  cap  deflection  (Zvc) . 

format  long; 

(((%(l((%(((lt(t((%tl(%t(IU(!(((((l(||((%( 

(Convert  Inputs  to  Dimensionless  Qunatitiea 

P  *  (Pvm*ra*() / (E*tvm*4) ;  (Dimensionless  loading  of  pressure  difference  across 
cap/menfcrane 

F  -  (Fvc*ra*2) / (pl*E*tvm*4) ;  (Dimensionless  loading  due  to  additional  force  on  cap 

(%(%%(%((%(« 

beta  -  sqrt ( (1-nu) / (1+nu) ) * (rb/ra) ; 

k  -  (ra/tvm)*sqrt((l2*(l~nu*2)*No)/(E*tvm*(l-beta*2)>); 
s  -  beta*k; 

((((%%%(%(((((((%%*'%((%*'»l%%%%%'%t'%%t%%%%%%%%%%%%%%"%„%%%*%%%%%%„%%%%%%%%%%%%((%%% 

(((Section  2:  Define  grid  spacing  and  coordinate  transformation  parameters 
(((for  finite-difference  method 


Npoints-200; 

alpha-1.01; 


phi- (alpha+1)/ (alpha-1);  (Grid  density  ratio 


(The  total  I  of  grid  points  to  use  (MOST  KEEP  IT  EVEN) 
(Grid  density  parameter 


hr  -  1/ (Npoints-1) ; 
eta  -  0:hr:l; 

xi_b  -  rb/ra; 

xi~c  -  (rb+ra) / (2*ra) ; 

xi_a  -  ra/ra; 


(Size  of  grid  spacing 

(Vector  of  evenly  spaced  points  between  0  and  1 

(Non-dimensional  position  of  inner  radius 
(Non-dimensional  position  of  midpoint  along  membrane 
(Non-dimensional  position  of  outer  radius 


(For  the  grid  points  from  xi_b  to  xi_c,  define  the  derivatives  of  eta  with  respect  to  xi 
for  i-l:Npoints/2, 

xi  (i)  -  xi_b  +  (alpha-1) * (xl_c-xi_b) * (phi-phi* (l-2*eta (i) ) ) / (1+phi* (l-2*eta (i) ) ) ; 

m  -  (alpha-1) * (xi_c-xi  b) ; 

m2  -  m*phi  -  m  +  2*xi  b; 

deta(i)  -  (0. 5/log (phT) ) * (m* (1+phi) ) / ( (m*phi- (xi (1) -xi  b) ) * (m+ (xi (i) -xi  b) ) ) ; 

,  "  ”  (0. 5/log(phi) )  *  (m*  (1+phi)  *  (m2-2#xi  (i) ) )  /  ( (m*phi-  (xi  (i)-xi  bjV(ra+(xi(i)- 

*l_b)})*2;  - 

end 

(For  the  grid  points  from  xi  c  to  xi  a 
for  i-Npolnts/2+1 :Npolnta, 

xi(i)  -  xi  b  +  (alpha-1) * (xi_c-xij»  *  (phi-phi* (l-2*eta (i) ))/ (1+phi* (l-2*eta (i) )) ; 
m-  (alpha-1) * (xi_c-xi_b) ; 

m2  -  m*phi  -  a  +  2*xi  b; 

deta (i)  -  (0 .S/log (phi) ) * (■* (1+phi) ) / ( (m*phi- (xi (i) -xi_b) ) * (m+  (xi <i) -xi_b) ) ) , 

.  "  ~ (° • 5 /log (phi) ) * (m* (1+phl) * (m2-2*xi (!)))/( (m*phi- (xi (i) -xi  b) ) *(m+(xi(i)- 

xi_b) ) )  2;  “ 

end 
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%%%%%%«%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%*%%%%%*%*%** 
%%%Section  3:  Finite-Difference  Implementation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%*%%%%%%%%%%*%%%% 

%Governing  equations  at  internal  points  (from  2  to  Npoints-1) 
for  i-2 :Npoints-l, 

A (i, i-1)  -  (xi (i) A2*deta(i) A2) / (hrA2)  -  (xi(i) A2*d2eta(i)  +  xi(i> *deta(i) ) /(2*hr) ; 

A  (i,  i)  -  -{  (2*xi(i) A2*deta (i) A2) /(hrA2)  +  (sA2+l)  +  xi(i)A2*kA2  ); 

A(i, 1+1)  -  (xi (i) A2*deta(i) A2) / (hrA2)  +  (xi (i) A2*d2eta (i)  +  xi (i) *deta (i) ) / (2*hr) ; 

B  (i,i-l)  -  (xi  (i)  A2*deta  (i)  A2)  /  (hrA2)  -  (xi (i) A2*d2eta (i)  +  3*xi  (i)  Meta  (i) )  /  (2*hr)  ; 

B (i, i)  -  -(2*xi(i) A2*deta(i) A2)/ (hrA2) ; 

B (i, i+1)  -  (xi (i) A2*deta (i) A2) / (hrA2)  +  (xi (i) A2*d2eta (i)  +  3*xi(i)*deta<i) ) /(2*hr) ; 

C(i)  »  6*  (l-nuA2) *P* (xi  (i) A3  -  xi(i) * (rb/ra) A2)  +  6*  (l-nuA2) *F*xi  (i) ? 
end 

%Boundary  condition  equations  at  xi  b  (grid  point  #1) 

A (1, 1)  -  If 

B (1, 1)  -  -3*xi(l)*deta(l)/(2*hr)  +  (l-nu)f 
B (1,2)  -  4*xi(l)Meta(l)/(2*hr); 

B  (1, 3)  -  -xi(l)Meta(l)/(2*hr); 

C(l)  -  0; 

(Boundary  condition  equations  at  xi_a  (grid  point  iNpoints) 

A (Npoints, Npoints)  «  1; 

B (Npoints, Npoints-2)  “  xi (Npoints) Meta (Npoints) / (2*hr) ; 

B  (Npoints, Npoints-1)  -  -4*xi  (Npoints)  Meta  (Npoints )/ (2*hr) ; 

B (Npoints, Npoints)  -  3 *xi (Npoints) Met a (Npoints) / (2 *hr)  +  (1-nu) ; 

C  (Npoints)  -  0; 


(((((((%((%((((((((((%%(((%(((%((((%%((%(%(%((((((%%((%(((%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
(((Section  4:  Provide  an  initial  guess  for  the  theta  vector  (plate  slope),  to  be 
(((used  in  the  finite-difference  iteration  procedure. 
(((%((%((((%((((%((((((((((((%(((%((%((%((%%%%%((((%%(%(%%%*%%%%%%%%%%%*%%%%%%%*%******* 

if  k— 0, 

(theta  -  (-0.75* (l-nuA2) *P*xi.*  (l-xi.A2) ) * ;  (Linear  result 
theta=xi ' ; 
else 

theta=xi * ; 

end 


((((((((((((((((((((%(((%((((((((((%(((((((%%%%(%%%((((%((%%%%(%%%%%%(%%%%%%%%%%%'*«*** 

(((Section  5:  Matrix  Manipulation  Procedure 

((((((((((%((%(((((%(((((((((((((((%%((%((%%(%(((%%(((%(%%(%(%%%%%(%%%%%*%%%**%%*%***%** 


Niterations— 500; 
tolerance l-le-8  ; 
tolerance2-le-8 ; 
oraega-0 .45; 
if  flagNL— 1 
NLoption-1; 
else 

NLoption=0; 

end 

for  i-1  alterations, 
i; 

for  j-2:Npoints-l  (Define  D  vector  for  each  iteration 

D(j )  -  -0.5*theta(j).A2; 

end 

D(l)-0; 

D  (Npoints) -0; 

Sr  -  inv(B)*D'*NLoption;  (Solve  for  Sr 


(Perform  up  to  500  iterations 


(Under-relaxation  parameter 
(This  variable  is  passed  into  file. 

(0  -  Linear  solution;  1  -  Nonlinear  solution 
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v_Sr  “  12* (l-nuA2) *xi* ,A2.*$r;  (Calculate  non-linear  correction  tern  v  Sr 

A2  -  A  -  diag(v_Sr,0) ;  (Subatract  non-linear  correction  term  from  A 

theta_new  -  inv(A2)*C»;  (Calculate  new  theta  vector 

inner_product  -  (theta_new» *theta) /sqrt (theta  new’ *theta_new) /aqrt (theta' *theta) ; 
length_rat io  -  aqrt  (that a  new * *theta_new) /aqrt (theta  *  * the ta ) ; 

if  (1- Inner  jproduct)  >-  tolerancel  |  (1-length  ratio)  >-  tolerance2 
theta  -  <1 -omega)  *theta  +  o»ega*theta  new; 

elae 

break; 

end 


(((Section  €:  Calculate  Deflection,  Curvature,  Stress,  and  Swept  Volume  in  this 
(((post-processing  section. 

((((t((((((((((((tttttttim%t%mm%tm%%%%%m%%%t%m%%%mm%m%%%%|%%%%%%%%%%%% 

(PLATE  DEFLECTION:  Calculate  plate  deflection  vector  from  the  final  theta  vector, 

(using  2nd-order  forward,  backward,  and  central  difference  methods  to  express 

(theta  in  terms  of  H.  Then,  using  matrix  inversion  to  obtain  the  vector  W. 

i-1;  (BC  at  rb 

WmatrixU,  i)  -  data  (i)  *  (-3/  (2*hr) ) ; 

ttnatrlx(i,l+l)  -  deta (i) *  (2/hr) ; 

Nmatrix (i, i+2)  -  deta (i) * (-1/ (2*hr) ) ; 

for  i-2:Npoints-l  (Inner  grid  points 
Mmatrix (i, i-1)  -  deta (i) *{-1/ (2*hr) ) ; 

Mmatrix (i, i+1)  -  deta (i) * (l/(2*hr) ) ; 

end 


(BC  at  ra  — >  Do  not  do  for  the  outer  boundary  condition.  He  already  know  that 
(the  deflection  at  ra  is  equal  to  aero. 

H  -  inv(Wmatrlx(l:Npointa-l,l:Npointa-l))*theta(l:Npoints-l); 

W-[W;0]j 

(Done 


(PLATE  CURVATURE:  Calculate  plate  curvature  vector  from  the  final  theta  vector, 
(using  2nd-order  forward,  backward,  and  central  difference  methods. 
i-1;  (BC  at  rb 

psi(i)  -  deta (i) * (1/ (2*hr) ) * (-3*theta(i)  +  4*theta(i+l)  -  theta (i+2)); 

for  i-2 :Npointa-l  (Inner  grid  points 

psi(l)  -  deta(i) *(l/(2*hr))*(theta(i+l)  -  theta (i-1)); 

end 


i-Npoints;  (BC  at  ra 

psi(i)  -  deta (i) ♦ (1/ (2*hr) ) * (3*theta (i)  -  4*theta(i-l)  +  theta  (i-2)); 
(Done 


(PLATE  STRESS:  Calculate  the  stress  vectors  in  the  plate, 
for  i«l:Npoints 

Sro(i)  -  (kA2/  (12* (l-nuA2) ) ) * (1  +  betaA2/ (xl (i) A2) )  ; 

aigma_r_top (i)  -  (E*tvmA2/raA2) * (Sro (i)  +  Sr(i)  -  (1/ (2* (l-nuA2) ) ) * (psi (i)  + 
(nu*theta(i))./xl(i>)); 

aigma_r_bot (i)  -  (E*tvmA2/raA2) * (Sro(i)  +  Sr(i)  +  (1/ (2* (l-nuA2) ) ) * (psi (i)  + 
(nu*theta (i) ) . /xi (i) ) ) ; 
and 

if  max(sigma  r  top)  >  max  (aigma_r_bot) 
maxstress  -  abs (max (sigma  r  top)); 
else 

maxstress  -  abs (max (sigma_rJbot) ) ; 


NLValveCapMembrane-CaseA.m:  Page  3  of  4 


316 


end 

%Done 


%conversion  to  non_dimensional  parameters 

r-xi*ra; 

y-W*tvm; 

thetaND«theta*tvm/ra;  %This  non-dimensional  theta  is  dw/dr 
psiND-psi*tvm/ (raA2) ;  %This  non-dimensional  psi  is  d2w/dr2 


% PLATE  SWEPT  VOLUME:  Calculate  total  swept  volume  under  cap  and  membrane. 
V=0; 

for  i-l:Npolnts-l 

dv(i>  -  piMr(i+l)A2-r(i)A2)*o.5*<y(i+i)+yU>>; 

V  -  V  +  dV{i); 
end 

yvc  -  y  (1) ; 

Vcap  -  yvc*pi*rbA2? 

Vtotal  -  Vcap  +  V; 

(Done 
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B.2  NLValveCapMembrane-CaseB.m  [see  Section  3.5] 


function 

ty»  r* Vtotal, pa i, W, theta, xi, thetaND, psiND, sigma_r_top, sigma_r_bot, yvc, Pvm, aaxs tress ]  - 
NLValveCapMembraneCaseB (Fvcatar , yvc_imposed, rb, ra, tv, E,nu, f lagNL,No> 

♦NLValveCapMembraneCaseB .m 

♦David  C.  Roberta 

%Thia  Mat lab  code  aolvea  for  the  non-linear  deflection  behavior  of  the  valve  cep/ 
%membrane  under  loading  EVcatar  and  a  deaired  valve  cap  deflection  at  r-rb.  The 
♦required  Pvm  to  produce  thia  deflection  and  the  resulting  deflection,  slope, 
♦curvature,  swept  volume,  and  membrane  atreaa  are  calculated.  Case  B  refers  to  the 
♦fact  that  we  are  applying  a  known  cap  force  (in  addition  to  that  due  to  Pvm)  and 
♦imposing  a  cap  deflection,  and  then  solving  for  the  required  Pvm  and  the  resulting 
♦structural  response.  Prior  to  calling  of  this  code,  the  user  must  define  Fvcstar 
♦as  a  function  of  PI  and  P2.  This  Fvcatar  loading  is  defined  as  follows: 

♦  Fvcstar  -  Avc* (P2-P1) 

♦After  running  this  code,  the  user  can  then  back  out  PHAC  using  the  following  relation: 

♦  PHAC  -  Pvm+P2 

♦The  plate/membrane  is  characterized  by  inner  radius  rb,  outer  radius  rb,  thickness 
♦tvm,  and  material  properties  E  and  nu.  If  flagNL-0,  only  linear  theory  will  be 
♦considered.  If  flagNL-1,  non-linear  theory  will  be  considered.  Ho  is  the  value  of 
♦the  in-plane  pretension.  In  this  file,  yvc  is  the  valve  cap  deflection  (Zvc) . 

format  long; 

♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ltt%l%%t« 

♦Convert  Inputs  to  Dimensionless  Qunatitlea 
Ub-yvc_impoaed/tvm; 

F  -  (Fvcstar*ra*2)/(pi*E*tvmM);  ♦Dimensionless  loading  due  to  additional  force  on  cap 

♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 


beta  -  sqrt ( (1-nu) / (1+nu) ) * (rb/ra) ; 

k  -  (ra/tvm) *aqrt ( (12* (l-nu*2) *No) / (E*tvm* (l-betaA2) ) ) ; 

S  -  beta*k; 


♦♦♦Section  2:  Define  grid  spacing  and  corrdinate  transformation  parameters 
♦♦♦for  finite-difference  method 

Npolnts-200;  ♦The  total  f  of  grid  points  to  use  (MOST  KEEP  IT  EVEN) 

alpha-1.01;  ♦Grid  density  parameter 

phi- (alpha+1)/ (alpha-1);  ♦Grid  density  ratio 

♦Size  of  grid  spacing 

♦Vector  of  evenly  spaced  points  between  0  and  1 


hr  -  1/ (Npoints-1) ; 
eta  -  0:hr:l; 


xi_b  -  rb/ra; 

xi“c  -  (rb+ra) / (2*ra) ; 

xi_a  -  ra/ra; 


♦Non-dimensional  position 
♦Non-dimensional  position 
♦Non-dimensional  position 


of  inner  radius 
of  midpoint  along  membrane 
of  outer  radius 


♦For  the  grid  points  from  xi_b  to  xl_c,  define  the  derivatives  of  eta  with  respect  to  xi 
for  i-1 :Npoints/2 , 

xi(i)  -  xi_b  +  (alpha-1) * (xi_c-xi_b) * (phi-phiA (l-2*eta  (i) ) ) / (l+phiA (l-2*eta  (i) ) ) ; 
m-  (alpha-1 ) * (xi_c-xi_b) ; 
m2  -  m*phi  -  m  +  2*xi  b; 

deta(i)  -  (0. 5/log (phT) ) * (m* (1+phi) ) / ( (m*phi- (xi (i) -xi_b) ) * (m+ (xi (i) -xi  b) ) ) ; 
i  “  ~  (0 . 5/log  (phi) )  *  (m*  (1+phi)  *  (m2-2*xi  (i) ) )  /  ( (m*phi-  (xi  (1)  -xi  b))  *  (m+  (xi  (i)  - 

Xi_b)))  2; 


♦For  the  grid  points  from  xi_c  to  xi  a 
for  i-Npoints/2+l:Npoints, 

xi(i)  -  xi_b  +  (alpha-1) * (xi_c-xi_b) * (phi-phiA (l-2*eta (i) ) ) / (l+phiA (l-2*eta (i) ) ) ; 
a  -  (alpha-1) *(xi_c-xi_b); 
m2  -  m*phi  -  m  ♦  2*xi  b; 

deta(i)  -  (0. 5/log  (phT))  Mm*  (1+phi)  )/((m*phi-(xi(i)-xi_b))*(m+(xi(i)-xl  b))); 

,  "  "  (0-5/log (phi) )  *  (m*  (1+phl)  *  (m2-2*xi  (i) ) )  /  ( (m*phi-  (xi  (i)  -xi  bf)Mm+<xl(l)- 

xi_b)))*2;  “ 
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end 


%%%%%%%%%%%%%%%%*%%%%%%%%%%%%%%%%%%*%%%*%%%%«%*%***%««*%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%Section  3:  Finite-Difference  Implementation 
(((((((((((((((((((((((((((((((((((((((%%(%%*%%***'****%*%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

(Governing  equations  at  internal  points  <from  2  to  Npoints-1) 

f0rA(i^i-l)>i-t(xi(i)A2*deta(i)A2)/(hrA2)  -  (xi<i)  A2*d2eta (i)  +  xl(i)  *deta(i) ) /<2*hr)  ; 

A (i, 1)  -  -(  (2*xi  (i)  A2*deta  (i)  A2)  /  (hrA2)  +  (aA2+l)  +  xi (i) A2*kA2  >; 

A  (i, i+1)  -  (xi(i)A2*deta(i)  A2)/(hrA2)  +  (xi (i) A2*d2eta <i)  +  xi (i)  *deta  (i) )  / <2*hr)  ; 

B  (i,  i-1)  -  <xiU)  A2*deta(i)  A2)/(hrA2)  -  (xi (i) A2*d2eta <i)  +  3*xi (i)*deta(i) ) / (2*hr) ; 

B (i,  i)  -  -<2*xi(i)A2*deta(i) A2)/(hrA2); 

B(i,i+1)  -  (xi  (i)  A2*deta  (i)  A2)  /  (hrA2)  +  (xi(i)  A2*d2eta(l)  +  3*xi(i)*deta(i))/(2*hr); 

C (i)  -  6* (l-nuA2) *F*xl (i) ; 

end 

%Boundary  condition  equations  at  xi_b  (grid  point  #1) 

A  (1,1)  -  1; 

B  (1,1)  -  -3*xi(l)*deta(l)/(2*hr)  +  (1-nu); 

B  (1,2)  -  4*xi(l)*deta(l)/(2*hr); 

B  (1,3)  -  -xi(l)*deta(l)/(2*hr); 

C{1)  -  0; 

(Boundary  condition  equations  at  xi_a  (grid  point  #Npoints) 

A (Npoints, Npoints)  -  1; 

B(Npoints,Npoints-2)  -  xi  (Npoints)  Meta  (Npoints)  /  (2*hr)  ; 

B (Npoints, Npoints-1)  -  -4*xi  (Npoints)  Meta  (Npoints)  /  (2*hr) ; 

B (Npoints , Npoints )  »  3*xi (Npoints) Meta (Npoints) / <2*hr)  +  (1-nu); 

C (Npoints)  -  0; 

(IMPORTANT;  Since  P  is  an  unknown,  an  extra  column  and  row  are  added  to  A  to  solve  for  P 
(and  therefore  the  added  entry  to  C  is  the  non-dimensional  deflection  Wb. 

(Define  entries  in  additional  column  of  A 
A<1, Npoints+1)  -  0;  (BC  at  r-rb 

for  i-2 ; Npoints-1  (central  points 

A(i,Npoints+l)  -  -6*(l-nuA2)*(xi(i)A3) ; 
end 

A (Npoints, Npoints+1)  -  0;  (BC  at  r=ra 

A (Npoints+1, Npoints+1)  -  0;  (This  is  a  meaningless  entry  so  it  must  be  zero. 

(Define  entries  in  additonal  row  of  A 
A (Npoints+1, 1)  -  -(hr/2)/deta(l) ; 
for  i»2 :Npoints-l 

A (Npoints+1, i)  -  - (hr) /deta  (i) ; 
end 

A (Npoints+1, Npoints)  -  - (hr/2) /deta (Npoints) ; 

(Define  additional  entry  in  C 
C (Npoints+1)  =  Wb; 

((((((((((((((((%%((%%(%%%(%%%(%%%(((%((%(((((%%*********'%%*%%%%%%%%%%%%%%%%%%%%%%%%%%% 
(((Section  4:  Provide  an  initial  guess  for  the  theta  vector  (plate  slope),  to  be 
(((used  in  the  finite-difference  iteration  procedure. 
(%(%(((((%(%%%%%%%%(%%(((%(%%%%(%(((((%(((%%(((%(%%%************'%%%%%%%%%%%%%%%%%%%%%%% 

if  k—0, 

(theta  -  (-0.75*(l-nuA2)*P*xi.*(l-xi.A2)) (Linear  result 
theta-xi' ; 
else 

theta-whoops; 

end 


NLValveCapMembrane-CaseB.m:  Page  2  of  4 


319 


(((Section  5:  Matrix  Manipulation  Procedure 

Miterationa-500;  tPerfonn  up  to  500  iterations 

tolerancel-le-8; 

tolerance2-le-8; 

omega-0.45;  (Under-relaxation  parameter 

if  flagWL—1  %This  variable  is  passed  into  file. 

NLopt ion-1;  %0  -  Linear  solution;  i  -  KonLinear  solution 

else 

NLopt ion-0; 

end 


for  i-1  Alterations, 
i; 

for  j-2:Npoints-l  (Define  0  vector  for  each  iteration 

D(j)  -  -0.5*theta(j) . A2; 

end 

D(l)-0; 

D(Npoints) -0; 

Sr  -  inv(B) *D'*NLoption;  %Solve  for  Sr 

v— ' ®r  "  12* (1-nu  2) *xi* . A2.*Sr;  (Calculate  non-linear  correction  term  v  Sr 

v  Sr (Npointe+1)  -  0;  (Make  v_Sr  the  proper  length 

A2  -  A  -  diag(v_Sr,0) ;  (Subatract  non-linear  correction  term  from  A 

theta_new  -  inv(A2)*C*;  (Calculate  new  theta  vector 

P  result  -  thetajnev (Npoints+1) ;  (Record  the  calculated  value  of  P 
thetajnew  -  theta_new (1 :Npoints) ; (Remove  the  P  entry  from  the  theta  vector 

inrterproduct  -  (theta_new*  *theta)  /sqrt  (theta_new** theta  new) /sqrt (theta* *theta) ; 
length  ratio  -  sqrt  (theta_new* *theta_new) /sqrt (theta 1 *theta) ; 

if  <l-inner_product)  >-  tolerancel  |  (l-length_ratlo)  >-  tolerance2 
theta  -  (l-omega) *theta  +  omega*theta  new; 
else 

break; 

end 

end 


(((Section  6;  Calculate  Deflection,  Curvature,  Stress,  and  Swept  Volume  in  this 
(((post-processing  section. 

((((((((((((((((((((t(((%«%t«((((((((((((((((((((((t(|t|%%%t%t%%%%%t%%%%t%%%%%%%|%tt%%%% 

(PRESSURE  Pvm:  Calculate  the  differential  pressure  across  the  membrane. 

Pvm  -  P_result*E*tvm‘,‘4/raA4; 

(Done 

(PLATE  DEFLECTION:  Calculate  plate  deflection  vector  from  the  final  theta  vector, 

(using  2nd-order  forward,  backward,  and  central  difference  methods  to  express 
(theta  in  terms  of  W.  Then,  using  matrix  inversion  to  obtain  the  vector  W. 
i-1;  (BC  at  rb 
Mmatrlxfi,  i)  -  deta (i) * (-3/  (2*hr) ) ; 

Wmatrix (i, i+1)  -  deta (i) * (2/hr) ; 

Mnatrlx (i, i+2)  -  deta  (i) *  (-l/(2‘hr) ) ; 

toz  i-2 :Hpointe-l  (Inner  grid  points 
Mmatrix(l, i-1)  -  deta (i) * (-1/ (2*hr) ) ; 

Wmatrix (i, i+1)  -  deta (i) * (1/ (2*hr) ) ; 

end 

(BC  at  ra  — >  Do  not  do  for  the  outer  boundary  condition.  Me  already  know  that 
(the  deflection  at  ra  is  equal  to  zero. 

M  -  inv (Wmatrix (1 :Npointa-l, l:Npolnta-l) ) *theta (1 :Npoints-l) / 
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W*[W;0] ; 
%Done 


% PLATE  CURVATURE:  Calculate  plate  curvature  vector  from  the  final  theta  vector, 
%using  2nd-order  forward,  backward,  and  central  difference  methods. 
i-1;  %BC  at  rb 

psi(i)  »  deta(i)*(l/(2*hr))*(-3*theta(i)  +  4*theta(i+l)  -  theta <i+2)),- 

for  i-2 :Npoints-l  %Inner  grid  points 

psi (i)  -  deta(i)*(l/ (2*hr))* (theta (i+1)  -  theta(i-l)); 

end 

i-Npoints;  %BC  at  ra 

psi  (i)  -  deta(i)*(l/(2*hr))*(3*theta(i)  -  4*theta(i-l)  +  theta(i-2)); 

%Done 


% PLATE  STRESS:  Calculate  the  stress  vectors  in  the  plate, 
for  i-l:Npoints 

Sro(i)  -  (kA2/  (12*  (l-nuA2) ) )  *  <1  +  betaA2/(xi(i)A2)>; 

sigma_r_top(i)  -  (E*tvmA2/raA2) * (Sro (i)  +  SrU)  -  (l/<2*  (l-nuA2) ) )  *  (psi  <i)  + 
<nu*theta (i) ) . /xi {1) ) ) ; 

sigma_r_bot (i)  -  (E*tvmA2/raA2) * (Sro (i)  +  Sr  (!)  +  (1/ {2* (l-nuA2) ) > * (psi  (i)  + 
(nu*theta (i) ) ./xi (i) ) ) ; 
end 

if  max { s i gma_r_top )  >  max (sigma_r_bot) 
maxstress  -  abs (max (sigma_r_top) ) ; 
else 

maxstress  «  abs  (max(sigma_r_bot) ) ; 

end 

%Done 


%CONVERSION  TO  N0N_DIMENSI0NA1  PARAMETERS 

r-xi*ra; 

y-W*tvm; 

thetaND-theta*tvm/ra;  %This  non-dimensional  theta  is  dw/dr 
psiND— psi*tvm/ (raA2) ;  %This  non-dimensional  psi  is  d2w/dr2 


% PLATE  SWEPT  VOLUME:  Calculate  total  swept  volume  under  cap  and  membrane. 
V“0; 

for  i-1 :Npoints-l 

dV(i)  -  pi* (r (i+1) A2-r (i) A2) *0.5* (y (i+l)+y (i) ) ; 

V  «  V  +  dV(i) ; 
end 

yvc  -  y (1) ; 

Vcap  -  yvc*pi*rbA2; 

Vtotal  -  Vcap  +  V; 

%Done 
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NLValveCapMembrane-CaseC.m  [see  Section  3.5] 


function 

ty'^Vtotai/piiiflljthet*, xi, thetaND,psiND, sigma_r_top,sigma_r  bot,yvc,  rvc.maxatress]  - 
NLValveCtpMembrane_CaseC  { Pvm,  yvc_imposed,  rb ,  ra,  tvm,  E ,  nu ,  f  lagNL,  No} 

♦NLValveCapMembranejCaaeC.m 

%David  C.  Roberts 

%Thls  Mat lab  code  solves  for  the  non-linear  deflection  behavior  of  the  valve  cap/ 
*n«abrane  under  loading  Pvm  and  a  desired  valve  cap  deflection  at  r-rb.  The  required 
%Fvc  to  produce  this  deflection  and  the  resulting  deflection,  slope,  curvature, 

♦swept  volume,  and  membrane  stress  are  calculated.  Case  C  refers  to  the  fact  that 
%we  are  applying  Pvm  and  imposing  a  cap  deflection,  and  then  solving  for  the  Fvc 
%and  the  resulting  structural  response.  Prior  to  calling  this  code,  the  user  must 
♦define  Pv*  as  a  function  of  PHAC  and  P2.  This  Pv*  loading  is  defined  as  follows: 

%  Pv*  -  PHAC-P2 
♦ 

♦ 

% 

*The  plate/membrane  is  characterized  by  inner  radius  rb,  outer  radius  ra,  thickness 
*tv®'  and  material  properties  B  and  nu.  If  flagNL-0,  only  linear  theory  will  be 
♦considered.  If  flagNL-1,  non-linear  theory  will  be  considered.  No  is  the  value  of 
%the  ln-plane  pretension.  In  this  file,  yvc  is  the  valve  cap  deflection  (Zvc). 

format  long; 

♦Convert  Inputs  to  Dimensionless  Qunatities 
Wb-yvc_i*posed/tvm; 

P  “  (Pvm*raA4 ) / (E*tvmA4) ;  %Dimensionless  loading  of  pressure  across  cap/membrane 

♦♦♦♦♦♦♦♦♦♦ 

beta  -  sqrt ( (1-nu) / (1+nu) ) * (rb/ra) / 

k  -  (ra/tvm) *sqrt ( (12*  (l-nuA2) *No) / (E*tvm* (l-betaA2) ) ) ; 

s  -  beta**; 

♦♦♦Section  2;  Define  grid  spacing  and  corrdinate  transformation  parameters 
♦♦♦for  finite-difference  method 

Npoints-200;  ♦The  total  #  of  grid  points  to  use  (MUST  KEEP  IT  EVEN) 

alpha-1.01;  IGrid  density  parameter 

phi- (alpha+1) /(alpha-1);  ♦Grid  density  ratio 

*■  1/ (Npoints-1)  ;  (Size  of  grid  spacing 

eta  -  0:hr : 1;  Wector  of  evenly  spaced  points  between  0  and  1 


xi_b  -  rb/ra; 

xi_c  -  (rb+ra) / (2*ra) ; 

xi_a  -  ra/ra; 


♦Non-dimensional  position  of  inner  radius 
♦Non-dimensional  position  of  midpoint  along  membrane 
INon-dimensional  position  of  outer  radius 


♦For  the  grid  points  from  xi_b  to  xi_c,  define  the  derivatives  of  eta  with  respect  to  xi 
tor  i-i:Npolnts/2, 

xi(i)  -  xi_b  +  (alpha-1) * (xi_c-xi_b) * (phi-phi* (l-2*eta (i) ) ) / (l+phiA (l-2*eta (i) ) ) ; 
m-  (alpha-1) * (xi_c-xi_b) ; 
m2  -  m*phi  -  m  +  2*xi  b; 

deta(i)  -  (0.5/log (phi) ) * (m* (1+phi) ) / ( (m*phi- (xl (i) -xi  b) ) * (m+ (xi (i) -xi  b) ) ) ; 
xi  b?M*2-  ’  ~  ®  (Phi) )  *  (l+phi)  *  (m2-2*xi  (i) ) )  /  ( (m*phi-  (xi  (i)  -xl_b7)  *(m+(xi(i)- 

end 

♦For  the  grid  points  from  xi_c  to  xi  a 
for  i-Npoints/2+1 :Npoints, 

xi (i)  -  xi_b  +  (alpha-1) * (xi_c-xlj»  * (phi-phiA (l-2*eta  (i) ) ) / (1+phi A (l-2*eta  (i) ) ) ; 
m  -  (aipna-i) • (xi_c-xi_b) ; 
m2  -  m*phi  -  m  +  2*xl  b; 

<0;5/^<Phi);M»Ml+phl))/((«*phi-(xi(i)-xl„b))Mm+(xi(i)-xi  b))); 
xi  bfn*2^  "  _< DVlog(phi))Mm*(l+Phi)*(m2-2*xi(i)))/(<»*phi-(xi(i)-xi_bn*(m+{xi<i)- 


NLValveCapMembrane-CaseC.m:  Page  1  of  4 


322 


end 


♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦%♦♦♦♦♦♦%♦♦%%*%%***%'*%%%*%%*************'* 
♦♦♦Section  3:  Finite-Difference  Implementation 
♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦%%%™«%%%*%%%%%'%**%%%*****'*********%%%%%%%%% 

♦Governing  equations  at  internal  points  {from  2  to  Npoints-1) 
for  i-2:Npoints-l, 

A(i,l-1)  -  (xi (i) A2*deta (i) A2) / (hrA2)  -  (xi (i) A2*d2eta (i)  +  xi  (i)  *deta  (i) )  /  (2*hr)  ; 
A(i,i)  -  -(  (2*xi(i)  A2*deta(i)  A2)  /  (hrA2)  +  (sA2+l)  +xi(i)A2*kA2  ); 

A(i,i+1)  -  {xi (i) A2*deta (i) A2) / (hrA2)  +  (xi(i) A2*d2eta(i)  +  xi(i)  *deta  (i) ) /(2*hr) ; 

B  (i,  i-1)  -  (xi{i)  A2*deta(i)A2)/(hrA2)  -  (xi (i) A2*d2eta (i)  +  3*xi  {i)  Meta  (i> )  /  (2*hr)  ; 
B(i,i)  -  -(2*xi(i)A2*deta(i)A2)/(hrA2); 

B  (i,  i+1)  -  (xi(i)A2*deta(i)A2)/(hrA2)  +  <xi(i)  A2*d2eta(i)  +  3*xi(i) *deta(i) )  / (2*hr) ; 
CU)  -  6*{l-nuA2)*PMxi(i)A3  -  xi{i)  *{rb/ra)  A2)  ; 

end 

♦Boundary  condition  equations  at  xi  b  (grid  point  #1) 

A  (1,1)  -  i; 

B  (If  1)  -  -3*xi(l)*deta(l)/(2*hr)  +  (1-nu); 

B {1,2)  -  4*xi(l)*deta(l)/(2*hr); 

B (1/3)  -  -xi(l)*deta(l)/(2*hr); 

C  (1)  -  0; 

♦Boundary  condition  equations  at  xi_a  {grid  point  #Npoints) 

A {Npoints, Npoints)  -  1? 

B {Npoints, Npoints-2)  -  xi (Npoints) *deta (Npoints) / (2*hr) ; 

B (Npoints, Npoints-1)  -  -4 *xi {Npoints) *deta (Npoints) / (2 *hr) ; 

B (Npoints, Npoints)  -  3 *xi (Npoints) *deta (Npoints) / (2*hr)  +  (1-nu) ; 

C  (Npoints)  -  0,* 

♦IMPORTANT:  Since  F  is  an  unknown,  an  extra  column  and  row  are  added  to  A  to  solve  for  F 
♦and  therefore  the  added  entry  to  C  is  the  non-dimensional  deflection  Wb. 

♦Define  entries  in  additional  column  of  A 
A(l,Npoints+l)  «  0;  ^BC  at  r-rb 

for  i-2: Npoints-1  ♦central  points 

A  (i,Npoints+l)  -  -6* (l-nuA2) *xi  (i) ; 
end 

A  (Npoints, Npoints+1)  -  0;  «C  at  r»ra 

A(Npoints+l,Npoints+l)  -  0;  VThis  is  a  meaningless  entry  so  it  must  be  zero. 

♦Define  entries  in  additonal  row  of  A 
A(Npoints+l,l)  -  - (hr/2) /deta (1) ; 
for  i-2:Npoints-l 

A  (Npoints+1, i)  -  - (hr) /deta (i)  f 

end 

A(Npoints+l, Npoints)  -- (hr/2) /deta (Npoints) ; 

♦Define  additional  entry  in  C 
C (Npoints+1)  -  Wb; 

♦♦♦Section  4:  Provide  an  initial  guess  for  the  theta  vector  (plate  slope),  to  be 
♦♦♦used  in  the  finite-difference  iteration  procedure. 

4%444444%44%444444%%%4%44%44%444%%4%444444444444444444444444444444m44444444444444444%% 

if  k—0, 

♦theta-  (-0.75* (l-nuA2) *P*xi. * (1-xi. A2) ) * ;  ♦Linear  result 
theta=xi'; 
else 

theta-xi * ; 

end 
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%%%Sectlon  5:  Matrix  Manipulation  Procedure 

((((((((((((((((%((%t%%(%%%m((((%t((((((((((((((%%%%t((((((((((((%%%%%%%%%%%%%%t%t%%%% 

Niterations-500;  (Perform  up  to  500  iterations 

tolerancel-le-8 ; 

tolerance2-le-8; 

omega-0. 45;  (Under-relaxation  parameter 

if  flagNL— 1  %This  variable  is  passed  into  file. 

MLoptlon-1;  %0  -  Linear  solution;  1  -  Nonlinear  solution 

else 

NLopt ion-0; 

end 

for  i-1 :Niterat ions, 

i; 

for  j-2 :Npoints-l  %Define  D  vector  for  each  iteration 

D(j)  -  -0.5*theta (j) ,A2; 

end 

D{l)-0; 

D(Npoints) -0; 

Sr  -  inv (B) *D' *NLoption;  (Solve  for  Sr 

v_Sr  -  12* (l-nuA2) *xi' .A2.*Sr;  (Calculate  non-linear  correction  term  v  Sr 

v_Sr(Npoints+l>  -  0;  (Make  v_Sr  the  proper  length 

A2  -  A  -  diag(v_5r,0) ;  (Substract  non-linear  correction  term  from  A 

theta_new  -  lnv(A2)*C';  (Calculate  new  theta  vector 

F_result  -  thetanew (Npointa+1) ;  (Record  the  calculated  value  of  F 

theta_new  "  thetajnew(l:Npoints) ; (Remove  the  F  entry  from  the  theta  vector 

inner  product  -  <theta_new’*theta) /sqrt {theta  new' *theta_new) /sqrt (theta' *theta) ,* 
length_ratio  -  aqrt (thetanew* *theta_new) /sqrt (theta'* theta) ; 

if  (1-inner jproduct)  >-  tolerancel  |  (l-length_ratio)  >-  tolerance2 
theta  -  ( 1 -omega )* theta  +  omega* theta  new; 
else 

break; 

end 

end 


(ttttit((%«%mttt%t%t«%%t%%iit%%%%%%((%%t%u(tmtitttttt%t(%t%%%!t((%%%%%%t%%%%%%tt%%% 

(((Section  6:  Calculate  Deflection,  Curvature,  Stress,  and  Swept  Volume  in  this 
(((post-processing  section. 

((((((((t((((((((((t(((t((%t(t(t%tt%%tt(((%(((((((((((«i%t((((t(tt(((((((%tt%t%%tt(((«(t 

(CALCULATE  Fvcstar 

FVc  -  F_result*(pi*E*tvmA4)/(raA2);  (Dimenaionalize  the  additional  cap  force 
(Done 

(PLATE  DEFLECTION:  Calculate  plate  deflection  vector  from  the  final  theta  vector, 

(using  2nd-order  forward,  backward,  and  central  difference  methods  to  express 
(theta  in  terms  of  H.  Then,  using  matrix  inversion  to  obtain  the  vector  N. 
i-1;  %BC  at  rb 

(•matrix  (i,  i)  -  deta  (i) * (-3/ (2*hr ) ) ; 

(•matrix  (i,  i+1)  -  deta (i) * (2/hr) ; 

(•matrix  (i,i  +2)  -  deta  (i>  *  (-1/ (2*hr) )  ; 

for  i-2 :Npoints-l  (Inner  grid  points 
(•matrix  (i,  i-1)  -  deta  (i)  *  (-1/ (2*hr) )  ? 

(•matrix  (i,  i+1)  -  deta  (i)  *  (1/ (2*hr) ) ; 
end 

(BC  at  ra  — >  Do  not  do  for  the  outer  boundary  condition.  He  already  know  that 
(the  deflection  at  ra  is  equal  to  zero. 

H  -  invfdmatrixd  :Npoints-l,  1  iNpoints-l) )  *theta  (l:Npoints-l)  ; 

H-rW;0];  * 
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(Done 


% PLATE  CURVATURE:  Calculate  plate  curvature  vector  from  the  final  theta  vector, 
(using  2nd-order  forward,  backward,  and  central  difference  methods. 
i-1;  %BC  at  rb 

psi (i)  -  deta(i)*(l/(2*hr))*(-3*theta(i)  +  4*theta(i+l)  -  theta(i+2)); 

for  i-2:Npoints-l  tinner  grid  points 

psi(i)  -  deta(i) * {1/ (2*hr) ) * (theta (i+1)  -  theta (i-1)); 

end 

i-Npoints;  %BC  at  ra 

psi<i)  -  deta(i)*(l/(2*hr))*(3*theta(i)  -  4*theta(i-l)  +  theta (i-2) ) ; 

%Done 


% PLATE  STRESS:  Calculate  the  stress  vectors  in  the  plate, 
for  i-l:Npoints 

Sro(i)  -  (kA2/(12*(l-nuA2)))*(l  +  betaA2/ (xi  (i) A2) ) ; 

sigma_r_top(i)  -  (E*tvmA2/raA2) * (Sro{i)  +  Sr(i>  -  (1/ (2* (l-nuA2) ) ) * (psi (i)  + 
(nu* theta (i) ) ./xi(i) ) ) ; 

s igma_r__bot  ( i )  -  (E*tvmA2/raA2)  *  (Sro (1)  +  Sr(i)  +  (1/(2*  (l-nuA2) ) ) *(psi (i>  + 
(nu*theta (i) ) ./xi(i) )) ; 
end 

if  max (sigma_r_top)  >  max (sigma_r_bot) 
maxstress  -  abs (max (sigma_r_top) ) ; 
else 

maxstress  -  abs (max (sigma_r_bot) ) ; 
end 
%Done 


(CONVERSION  TO  NON_DIMENS IONAL  PARAMETERS 


y— w " tvm; 

thetaND-theta*tvm/ra;  (This  non-dimensional  theta  is  dw/dr 
psiND=psi*tvm/ (raA2) ;  (This  non-dimensional  psi  is  d2w/dr2 


(PLATE  SWEPT  VOLUME:  Calculate  total  swept  volume  under  cap  and  membrane. 
V-0; 

for  i-1 :Npoints-l 

dV(i)  -  pi* (r (i+1) A2-r (i) A2) *0.5* (y (i+1) +y  (i) ) ; 

V  -  V  +  dV(i) ; 
end 

yvc  -  y(l); 

Vcap  -  yvc*pi*rbA2; 

Vtotal  -  Vcap  +  V; 

(Done 
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C.l  FullActiveValve(Non-Linear).mws  [Section  4.1] 


'  He:  FuIIActiveV«lvt>(NON-LINEAR).mw* 

David  C.  Robert* 

Hu  file  creates  the  active  valve  matrix  uaed  in  the  ftill  non-linear  active  valve  Mallab  model  developed  by  Dave  Roberta. 
Thia  file  define*  all  the  active  valve  relation!  (except  for  the  non-linear  membrane  relations  which  are  solved  for  in  the 
.  Mrttab  code:  NLA  ctiveValveMatlab.m)  and  aolvt*  for  die  coeffideota  of  the  valve  matrix  A. 

[  >  nwtart; 

[>  Digita:«40; 

Digits  r*  40 


op  Step  1:  Define  Linear  Quasi-Static  Relations 


0  1  Piezoelectric  Material 

C  Thia  relation  assumes  perfect  d33  actuation  (no  effect  of  tmaverae  clamping). 
(■  >  sod  *[p]  -  d[33]*v{p]  -  {t[pl/*[j)])*Ttpl; 


[  EQM-*,=d»vr^r 

C  Thi*  relation  determines  the  piezo  charge. 

T  >  *<P2  Q(p]  -  («T[33] *A{p]/L[p]  )  *V[p]  ♦  (d[33]*A[p])  *Tlp]  ; 


EQN2~Qr 


Q  1  Bottom  Stactvral  Compliaace 

C  Circular  plate  with  atieat  imposed  over  central  region. 

[>  mao  Ifbot]  -  {XiI*bot,T]>  *  tip]; 

EQN3-Z^*^TTf 


[p  Drive  Elemeat  Tethers 
T  >  ran  :•  *[to]  . 

<X1 1 1  bo  top,  F)  *XI  r*tobot,Fl )  /  {XI  (Ztatop.r]+ri  [Itobot,*] )  *  <Atp]  **T  [p]  -A[pio]  *Fl«AC] )  - 
(Xi [Itotop,»] *Xi t»tabot,»l ) /{Xi fltotop,* )+Xl {rtobot,RJ } *P[BAC] ; 

EQN4  -  Z  -  T,~A*FhacI  Phac 

L  “Zw^,r+“Zw**,f  + 

>  *Q*5  :«  dV[to]  • 

(Xi  tdvto top ,  r)  *Xi  [Etobot,  r ] )  /  (XI  {*t*top rT\  +Xi  [Itobot, T] )  *  (A{p]  *T {p]  -A[pi* ]  *V  [RAC] )  - 
{XI  tdVtotop,9] *Xi  [dVtabot,? ] ) / (Xi (dVtotop,PJ+Xi [dVtobot,  0} )  *P[HAC]  0  A(pia]*Z[to] ; 

-  4V"  -  — r(AeTr~Af  p^c)  _  L L  P(“c  r  A  z 


[3  Drive  Elemeat  PUtoa 


>  man  Ilpia]  -  xitipia,T]*Tlp]  -  xi[tpia,»]*p[Rju:] ; 

>  KP?  :«  dvtpls]  -  XitdVpi«,T]*TIp]  -  Xi  [dVpia ,  P]  *F {RAC]  ; 

EQN7 dV^  =  ~drfitTTr  -  r  P^c 


?  Haiti  Compressibility 

C  >  K>n  dV(  fluid]  -  -  (V[BAC]  /K[f  ] )  *  {P [DC] ) ; 
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Li 


EQNS-dV^ 


[jp  Top  Structural  Compliance 

>  XQK9  :  =  2 [topi  «  Xi  JStop, P]*PtHACJ  +  Xi[Ztop,F]  ; 

>  XQHlO  :«  dV[top]  -  Xi[dVtop,FJ*PlBAC]  +  Xi [dVtop,r]*r[vm]  +  A[v»J *2 [top] ; 

EQN10  :=  ^jvur. r  Ptuc+  +  A*m  2*t 

>  JOKll  :»  F[vm]  =  (X£va]-Xtve])*(P[HAC]~Pt21)  +  X[vcl*{P[HXC]-P[l]); 

EQNJ1  AJ  (P^c- p2)  +  K  (phac~  P0 


'  5 


|  Valve  Cap/Membrane 

£  The  only  valve/cap  membrane  relation  defined  here  is  the  sum  of  the  forces  on  the  valve  cap. 
r>*QW12  :»  r[vc]  -  (P[BRC] -P[l] ) *A[ve]  ; 

L  EQNl2:=Fvc=Ave(PU/iC-P{) 


U 


Deflection,  Swept  Volume  Conservation 

£  All  structural  deflections  and  swept  volumes  are  defined  to  be  positive  in  the  upward  direction. 
>  *®0 3  :*  2[pJ  +  2[botJ  -  X[t*]  +  2 [pi*]  j 

EQN13-Zf  +  Ziot*Zt,  +  Zfl, 


Lt 


Other  Relations 

£  Variables  as  functions  of  other  variables. 

>  EQ214  :«  2 [da]  m  X[ta]  +  2[pia] ; 


EQN14^ZlU  =  Zl'  +  ZjlU 


Op  Step  2:  Define  Geometric/Material  Parameters 

£  Geometric  Parameters: 

[>  R[ve]  :-0.31a-3;  R[vm]  :=0.i0a-3:  t  [vm]  :=10o-6:  A[vc]  ;*Pi*R[vc]  A2:  A[v»]  :«Pi*RIvm]  A2: 
t[vc]  :*=400*-6: 

[  >  l  [pi  Rrp]  A[p]  :»Ei*R[p]*2: 

[>  R[pi»J  :«=3a-3:  R[ch]  :=3 .225a-3:  t[pi»]  :»800o-fi:  t[topta]  :=10a-6:  tfbotta]  :=10a-6: 

R[pia]  :«Pi*R[pi«] A2: 

[  >  t[bot] :=1000«-€: 

[  >  H[HaC]:~400a-6:  V[HXC]  :=Pi*R{ch]  A2*H[HXC]  +  PAMR[v»lA2-R[ve]A2)*t[vcl : 

£  >  t[top] :=1000a-€: 

£  Material  Parameters: 

>  d[33] :=2000a-12:  *D[33]  : =16. 4* -12:  «K[33]  :=lUe-12:  K[p] :=1/bX[33] : 

•Tt33]:*dt33}A2/<«X[33]-«D[331):  *[•!] :=l«5a9:  nu[«i] :=0.22:  K[f]:=2e9:  alpha [ si] : =1.25: 

Step  3:  Calculate  Linear  Plate  Coefficients 

(H  Bottom  Stuctural  Compliance  (identical  to  FullActiveVaIve{LINEAR).mws] 

[Wi  Drive  Element  Tethers  [identical  to  FuUActiveValve(LINEAR).mws] 

B  Drive  Element  Piston  (More  Compliant:  Hinged  Outer  Circumference)  [identical  to 
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13  Drive  Ekmeat  Pirioa  (Lew  Compllaat:  Rigid  Osier  Circs nfcreace)  [identical  to 
FaHActiveValve<LINEAR).Hwal 

(3  Drive  EJemeat  Pistes  (Averaged  CewpHaace)  [Identical  to  FallActiveVaJve(LINEAR).mwi) 

Stop  Street aral  Os  mp  Haste  [ideatical  to  FaHActiveValve(LINEAR).nwj| 

{3 Step  4:  Solve  Equations 

The  variables  [Zp,  Tp,  Qp,  Zbot,  Zte,  dV te,  Zpia,  dVpii,  <fV fluid,  Ziop,  dVtop,  Fvm,  Fvc,  and  Zde]  an:  solved  for  in  terms  of  the 
other  variables  [Vp,  PI ,  P2,  and  PHAC]  Once  solved  for,  each  of  the  coefficient*  Li  assigned  to  (he  proper  location  in  matrix  A, 
which  are  then  passed  to  NLActiveValveMatlah.m. 

>  doluUona:w.olwa<{ign,*Q*2,»ffr3,lfl*4,W,ig*i,»Q*7,»QW^ 

*H>*Ulp]  ,Ttpl  ,Qlp]  ,*fbotl  ,S[ta]  ,dvitoj  ,*[piol  ,dPIpis]  ,<tV[  fluid]  ,l[topJ  ,rfV[top]  ,F[ 

WcM[<tol)>: 

[> 

([>  All:-svmlf(stibs({V[p]-l,P  [1]-0,P[2]-0,P  [BUT] ^)  , subs  (Solutions, I [p]))>  : 

[  >  ai2:-wralf(«*o({V[pl-0,P[lI-l,»t2]-0,p[B»c3^>}  ,md)a{Solntioei*,Btp])))  : 

[  >  A13 :  ^vmlf  {m*s  { (VIpJ-0 ,»rU-0 , »I2] «1  -0) ,  «dw  (auluUooa,!  [p] ) ) )  : 

[  >  *l<:-^f(m*.t{VIp]-0.»tll-0,»Ul-0,»[BACl-l),o«b.(aolutioua>*[p])))  : 

[> 

[  >  A21:-wr*lf  {aub»({V[pl-l(»ril-0,Pl23-0,P[aK:]-<J  ,*ub.{aolutlona/Ttpn)) : 

[  >  A22:-^«(mlbo({Vtp]^.Ptl]-X,t[2]-0,»rBaC]-0}/mibo(aoluUoM,irp]))) : 

[>  A23 :  ^svmlf  (subs  { (V[p}»C,f  [l]-0,p(2]al,p(HAC]-C}  ,  subs  (Solutions,?  [p] ) ) )  : 

[>  A24  :  »»ralf  (subs  ({V{p]-0,P[l]-0 ,  P[2]»0  ,P[HAC]  «1}  , sobs  (Solutions, T(p] ) ) )  : 

C> 

[>  A31:-^rulf(«d»s({Vtp]-l,P(l]-0,»(2]^<»tiaC]-0),sid«{*oluUons,Q[P])))  ; 

[>  A32  :  "ssmlf  (subs  ({V[p]^),Pfl]-l,p[2]-0  ,P[HJIC]«»0}  ,  subs  ( Solutions, Q[p])  )  )  ; 

[>  a33:-wwaif(sribs({V[pl-0,P[ll-C,»[2]-l#»ntoC}-«l,oribs(Sc>lutioo.,Q(pJ)])  : 

[>  A34:-sr»lf{*ubs((Vtp)M>,Pm^,»l2]^,P[»C]«l},subs(aoluti«u,0[p])n: 

L> 

[  >  (stda.  {{VIpJ-l^UJ-O.Piai-O^DtoCJ-O)  ,mtbs  (8oluUoft*,I[bot]) )) : 

[  >  A42:«sv*lf  (subs  <{V[p]-«,»[l]4,»[2]s«,>[|ie]4) , subs (Solutions, I  [bot]  J ))  j 
[  >  A43:«w*»lf  (subs(<VEp]^),P[lI-0,»r2I-l,»[mc]-0>,subs{8olttUo®sfEtbotl))) : 

[  >  *44-svslf  (subs  ({VtpI-O(t[l]-0,f  [2]-0,t{a»C]-l)  ,subs  (Solution. , I [hot] > ) ) : 

f> 

[  >  asit-walf  (subs((V(p]-l(P(l]-0,Pl2]-0,P[»C]-0),subs{SuluaoM(tItam) : 

[  >  A52:-awalf(«ubs{{VIp]-0,PU]-lfPl2]-0,P[a»C3-0)r.ubs(aolution*<*[to]J)) : 

[>  AS3:-wralf(subs({VIp]-0, PU1-0, H2J-1,P[HK)»0), m*s(SoluUoos,*tta])))  j 
[>  a34.*srslf  (subs  ( {V(p]  ■^),P[l]-0,  P[2]»0 ,  P(HiC]«l)  ,subs  (Solutions,! [to] ) ) ) : 

c> 

[  >  A61:»«rmlf  (rubs  ({V[p]-l,p[l]-0,  P(2]»0,  P[BAC]*C)  t  sub* (Solutions,  dV(tn] ) ))  ; 

[  >  A€2:-waif  (rniba((V[p]-<J,»m-l,P(2]-0,HlttC]-0),subs(8«luUonsldtr[tsn  )) : 

[>  M3  :«srmlf  (subs  ((V[p]»0,f  (l]-0,p[2]-l  ,P(BUC}«0) ,  rubs  (Solution#  ,dV[ts] )  )  )  ; 
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£  >  X£4  :=*v*lf(*t2>*  ({V[p]=0,P[l]*0,P[2]=0,P[H*C]«l}  ,*ub*  (Solution*, cW[t*j))) : 

C> 

£>  *71 : -«vulf  (*ub* ( (V[pJ «1 f P [1] -0 ,P [2] «0 , P [H*C] -0 }, sub* (Solution* , 2 [pi*] >)> : 

£  >  *72  :-*ml£  <»r&«  ( {V[pl  »0 ,  P  [1]  -1  ,P  [2]  =0 , P[H»CJ  «0 } ,  *ub*  (Solution* ,  Z  [pi*]  ) ) ) : 

£  >  A73:»*vml«{«TJb*{{V[p3-0/P[l]-0,PC2]»l,Pr»C]*0>  ,*ub*  (Solution*,  Z  [pi*]  »)  : 

£  >  *74;»«v*lf  (*ub*((V[p]»0, P[1]«0,P[2]*0, PtH*C]»l),*ub» (Solution*, Z[pi«J)))  : 

C> 

£>  Aai:==*v*lf(*ub*(mp3=l,P[l]M},P[2]=0,P(11AC]=0), *ub* (Solution*, dV[pi*])>): 

£  >  *82:^v*lf(*ub«(Wp]^,Ftl]«l,Pt21^,P[H*CJ^},*ub»(Solution*,<W[pi*]>>): 
£  >  AB3:-wmX£{«ubs({Vt|>l -0,PIll“0,H2]-l^rB»C]«<J),«*«  (Solution#, dV[pi»])>): 
£>  M4:-«vmlf{*t**{{V[pl*=0,Ptl3-0,®t23*0rPtraC1»l) ,mb» {Solution., dV[pi*l>>) : 

C> 

£  >  A91  :~*v*lf (*ub*  (mp]»l,P[lJ=0,Pt2]=»0,P[BAC]«0]  ,*uba  {Solution*, <W [fluid] ) )  > 
£  >  *92 :-***lf  (*ub* <{V[p]«0,P[U«l ,F[2]»0 , P[H*C]«0)  ,*ub* (Solution*, <W [fluid]  J ) ) 
£>  *93  :»w*lf  («ib*((V[p]=0,P[lJ«»0 ,PI2]«=l,P[HftCl*0)  ,«ub# (Solution*, dVtfluld]  >) ) 
£  >  *94  :=»*vnlf  (*ub*  ({Y[p]=0,P[l]“0 ,P[2] »0,P[H*C1=1)  ,*ub*  (Solution* ,dV[ fluid] )  >  > 

c> 

£  >  *101:*«v«lf(*ub*((V[p]»l, P[l]«^,P[2]»0,P[H*C]«0},*uba (Solution*, Z[top])))  : 
£>  *102 : »«valf  (*ub« ( (V[p]=0 , P [1  ]  =1 , P [2] *0 , P [HAC]  =0 }, *ub» (Solution* , % [topj ))) : 
£  >  *I03:=*ralf  (*ub»((V[p]=0  ,P[1]«0,P  [2]  *1,F[H»G]*0},  *ubs  (Solution*,  Z[  top]}))  : 

£  >  *104:««v*lf  (*ub*((V[p]»0,P[l]>=0,P[23«0,P[H*Cl=l}  ,*ub«(Solution*,Z[top]))) : 

C> 

£  >  *111  :=«v*lf  («ub*{(Vlp]«l, P[1]«0,P[2]«0, P[B*C]«0},*ub* (Solutions ,dP[top] ) )> : 
£  >  A112:*w»lf{*ub*{(V[p]=0,P[ll»l,P[2]=0,P[H*C]*0),*ub*{Solution*,dV[tpp]))) : 
£>  *113 : <*wlf(*ub«  ({V[p]*0,P [1]-0,P [2]*1, P[H*C] ®0 >, *ub*  (Solution* ,dV(top] ))) : 
£  >  All4:***valf  (suJ>s{(V[p]“0,F[l]“0/F[2]»0,FrH*C]*l),auba(Soltttion*,dP[top]))) : 
[> 

£  >  *121  :=w*lf  (*ub* ({V[p]«l,P[l]=0,Pt21=0,P[l»C]=0>  ,*ub* (Solution*, T[vm] ) ) ) : 

£  >  A122:«*v*lf  (*ub»({V[p]*0,P[l]*l,P[2]»0,P(raC]*0)  ,*Uba (Solution*, P[vm] ) ) )  : 
£>  *123:«*v*lf  (*ttb*({V[p]>«0,P[13»0,P[2]=l,PIHM:]«0),*ub*(Solutlon*,r[vB]}>)  : 

£  >  *12<:«or*l£(*ub*({V[p]»0,P[13-=0,Pr2]«>*0,P[nac3wl),«ub*(Soiutlon*,Ftva])>} : 

c» 

£  >  *131:-w*lf  (*ub*UV[p]*l,P[13*0,P[2]-0,P[HHC]«0>  ,*T**(Soluti<m*,P[vc] ) )) : 

£  >  A132*.««*v*lf  {*ub*({V[p]«»0,P[l]«l,Pr23*0,P[H*C]-0),*uba{Solution*,Ftvq])>>: 

£  >  *133:«=*y*lf  (*ttb*((V[p3«*0,Ptl]«0,Pt2]=l,P[H*C]*0),*t4»*{Solution*,rEvc]  J)  J  : 
£>  *134 ;  =^r»lf  (*Ub*  ( (V[p]  =0 , P  [1]  *0 , P  [2]  «0 , P  [H*C]  =1 },  *ub*  (Solution* , P [vc] )))  : 

C> 

£  >  *141:t^v*lf  (•ub«{{V[p3«l,P[l]«0rP(2]=0,PIH»C3«0>,*ab*(Solutlon*/Z[da])))  : 

£  >  *142:x«y*lf(*ub8((V[p]»0,Ptl]=l,P[2]t=0,PrHRC]*0),*ub*{Solution*rZtd*]>>>: 
£>  *143 :  =*valf  ( *ub* ( (V [p]  =0 , P [1  ]  =0,P [2]«1 , P [HAC]  =0 ), *uba (Solution* , Z [d*] }>) : 
£>  *14  «:  ««y*lf  (*ub*  (  (V  [p]  «0 ,  P  [1]  *0 ,  P  [2]  =0 ,  P  [H*C]  «1 ),  *ub*  (Solution* ,  Z  [do]  )>)  : 

O 

|p  Step  5:  Output  Matrix  to  Matlab  File 
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Nowthu  all  (be  matrix  coefficient!  have  been  solved  for,  it  is  necessary  to  output  these  value*  to  •  file  which  Matlab  can  read 
Also, 

-  ou,Put  *1*  important  valve  geometry  parameter*  (A,  rs,  tvm,  E,  nu)  for  use  in  the  non-linear  Matlab  code. 

[  >  intnrfaos (*cho-0) ; 

[  >  irritsto  (  'KAntiveVaav^fatri*.*' )  ; 

[>  print*  (  A  (1,1)  .  %42.0I«; '  ,  All)  ; 

[  >  print*(*A(l,2)  .  %42.0g«; \A12) ; 

[  >  print*('A(l,3)  -  %42.0t«?',A13) ; 

L>  print* <'A(1,4)  -  ♦42.0W;\A14)  / 

[>  print* (* A (2,1)  *>  %42.0««; *  ,A21)  ; 

[>  print* {'A (2, 2)  -  *42.0t«;\A22)  ; 

[  >  print*(*A(a,J)  -  »42.0t«;\A23); 

[  >  prlnt*('A(2,4)  -  %+2  \A2 4)  ; 

print* C‘A{3,1)  -  1+2.0*./ * ,A31) ; 

[  >  print*  ('A(3, 2)  -  %42.0*«; \A32) ; 

[>  print* ('A (3, 3)  *  »42.0g*/ \A33) ; 

[  >  print*<'A(3,4)  -  %42.0C«; \A34) ; 

[>  print* (*A{4,1)  -%+2.0*a;',A41); 

[>  print* ('A (4,2)  -%42.e*a;\A42); 

[  >  print*('A(4,3)  •  *42. Ola;  *  ,M3) ; 

[  >  print*('A(4,4)  -  t42.0»a; * ,A44) ; 

[>  print* ('A{5,1)  -  *42,0**; \Afll)  / 

[  >  prlnt*(*A(3,2)  -  »42.0*a; ' ,A52) ; 

[  >  print*{*A(5,3)  ■  142. Ota; ' ,A53) ; 

[  >  print*('A{5,4)  -  *42. Ota; '  ,M4)  ; 

[  >  print*  (*A{4,1)  -  %42 . Ota ; *,A«1) ; 

[  >  print* ('A(C,2)  *  *42. Ota; '  ,A«2)  ; 

[  >  print* (*A(i,3)  -  *42 .Ota; ' ,A«3) ; 

[  >  print* ('*{«, 4)  ■  t+2.0l«;',W4); 

[  >  print*  (*A(7,1)  «*  *42. Ota; ' ,A71) ; 

[  >  printf(\A(7,2)  ■  %42 .Ota; * ,A72> ; 

[>  print* ('A (7, 3)  -  %+2 .  Ola;  \A73) ; 

[>  print* ('Ap, 4)  -  *42. Ola;  *  fA74)  ; 

[  >  print*(*A(i,l)  -  %42 .04*; * ,AI1) ; 

[  >  print*(*A(l,2)  -  *42.0la; ‘ ,AI2) / 

[  >  print*('A{«,3)  »  *42. Ota; '  ,M3)  ; 

[  >  print*  ( 'A(t,  4)  *  *42. Ola; ' ,AI4) ; 

[>  print* (‘A($,l)  -  *42.0ta/\A»l); 

[  >  print* (A(l,2)  -  *42. Ola; '  ,M2)  ; 

[>  print* (A {9,3)  -  %+2.0*a; ’ ,A*3) ; 

[  >  print*CA(*,4)  -  *42.0la;',A»4); 

[>  print* ('A (10,1)  «  %42.08a; *,A101) ; 

[  >  print*('A{10,2)  -  *42.0Sa; * ,A102) / 

C  >  print* {'A (10, 3)  -  *42.0la; *,A103)  ; 
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[  >  print* ('*<10, 4)  *  %+2.O0a;  ‘,*104)  ; 
[  >  print* {'*(11,1)  *  %+2.08n;',*lll>; 

[  >  print* {'MU, 2)  »  %+2.Q8e; '  ,*112)  ; 

[  >  print*(M(ll,3)  *=  %+2.O0n; ',*113) ; 
[>  print*  <  M{11, 4)  «  %+2 . OBa ; '  ,*114)  ; 
[  >  print* { M (12 , 1}  »  %+2.08e; ’,*121) ; 
[>  print*<M(12,2)  «  8+2 . 08a ;  *  , *122) ; 
[>  print* (M {12 ,3)  *  %+2 . 08* ; *,*123) 

[  >  printf(M{12,4)  »  %+2.08a; '  ,*124)  ; 
£>  print*  (M  (13, 1)  -  %+2.08a;  *  ,*131) ; 
[>  print* ('*(13,2)  -  %+2.08a;  ‘  ,*132)  ; 
[  >  print* (M (13, 3)  *  %+2 .08a;  \*133)  ; 
[  >  print*(M(13,4)  «  %+2 . 08a ; ' ,*134)  ; 
[>  print*  (M  (14,1)  -  »+2.08e; ' ,*141) ; 
[  >  print* ('*(14,2)  *  1+2. 08a; '  ,*142) ; 
[  >  print* (M (14, 3)  •  %+2.08a;' ,*143) ; 
[  >  printf(M(14,4)  »  %+2.Q8a; \A144)  ; 
[  >  print* {'rvc  -  %+2.08e; * ,Jt[vc]) ; 

[  >  print* ("rv*  m  %+2.08a; '  ,R[v»l)  ; 

[  >  print* ('tvm  *  %+2.08a; ' ,t[v»l) ; 

Q  >  print* (Mai  -  %+2.08a; ' ,*I*il) f 
Q  >  print* ('nuai  »  %+2.08a; ‘ ,nul*il) ; 

Q  >  write to  ( terminal )  f 

c> 
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C.2  NL Active ValveMatlab.m  [Section  4.1] 


♦  [NLActiveValveMatlab  .m]  DAVID  C.  ROBERTS 

% 

%  This  file  calculates  the  behavior  of  the  active  valve,  with  non-Unear  valve/cap 
taenbrane  deformation  included.  First,  the  Maple  file  FullActiveValve (Non-Linear) Tmwa 

Jf*  io  °5d?r  th*  *atrl*  of  linear  valve  relation  coefficients.  That  matrix 

%is  then  used  in  this  file. 

clear; 
close  all; 
format  long; 

HLActiveValveMatrix;  tRead  in  the  linear  matrix  coefficients  and  the  valve  geometry 

Ifrom  this  file,  which  was  generated  by  running 
%NLActiveValveHaple.mws.  The  matrix  values  go  from  A11,A12,A13, 
%A14,  A21,  A141, A142 , A143 , A144  and  the  valve  geometry 

♦variables  read  in  are  rvc,  rvm,  tvm,  Eai,  nusi. 


♦♦♦♦♦♦DEFINE 

Vp-500; 

Pl-0. 5e6; 
P2-0e6; 
flagNL-1; 
No-0; 


INPUT  PARAMETERS! t %%%%%%%%%%% %%%%%%% (%!%%%%%%%%%%% %%%%%%%%%%% 

♦Piezo  Voltage 

♦Pressure  on  top  of  valve  cap 
♦Pressure  on  top  of  valve  membrane 
♦Include  non-linearity  if  flagNL-1 
♦Initial  in-plane  prestress 


♦♦♦♦♦♦PROVIDE  INITIAL  GUESS  FOR 

PHACguess-0 .0013e6; 

PHACl-PHACguess; 

PRAC2-PHACguess; 

checkO-1 ; 

checkl -1; 

i-0 

3-o 


♦Determine  Volume  discrepancy  for  initial  PHAC  guess 

D-[Vp  PI  P2  PHAC 1 ] ;  ♦Vector  of  input  parameters  to  compliance  matrix 

S-A+U';  %S  is  the  vector  of  all  linear  responses 

Fvc-S(13);  Pv*-PHAC1-P2;  ♦Define  these  loadings  for  use  in  NLActiveValve  MembraneCaseA.m 

[y^  Vtotal ,  psi, theta, jtl, thetaND,paiND,  sig,M_r_top, aigma  r  bot, yvc,maxstr€sa]  « 

NLActiveValveMembraneCaseA  (Pvm,  Fvc,  rvc,  rvm,  tvm,  Esi,  nusi,  flagNL,No)  ; 

dVvm-Vtotal;  dVte-S(S);  dVpis-S(B);  dVf luid-S (9) ;  dVtop-S(ll); 

checkl  -  (dVvm  +  dVtop  -  dVte  -  dVpia  -  dVf luid) ; 

checkO-checkl ; 

♦Done 


♦Determine  range  of  PHAC  (between  PHACO  and  PHAC1)  within  which  the  real  PHAC  lies 
while  checkO*checkl/(abs (checkO*checkl) )>  0 
i-0 
3-3+1 

PHACO  -  PHAC1; 

PHAC1  -  PHAC2 
checkO  -  checkl 


U-IVp  PI  P2  PHAC1];  ^Vector  of  input  parameters  to 

♦S  is  the  vector  of  all  linear 
Fvc-S (13) ;  Pvm-PHAC1-P2;  ♦Define  these  loadings  for  use 
NLActiveValve  MembraneCaseA.m 


compliance  matrix 

responses 

in 


Jy*  t, Vtotal, psi, N, theta, xi , thetaND, psiND, sigma_r_top, sigma  r  bot, yvc,raaxs tress ] 
NLActiveValve_MembraneCaseA(Pvm, Fvc, rvc, rvm, tvm,Esi7nusi, flagNL7No) ; 
dVvm-Vtotal;  dVte-S (€) ;  dVpis-S(6);  dVfluid-S (9) ;  dVtop-S(ll); 
checkl  -  (dVvm  t  dVtop  -  dVte  -  dVpia  -  dVf luid) ; 


if  checkl  <  0 

PHAC2  -  10*PHAC1; 
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elseif  checkl  >  0 

PHAC2  -  0.1*PHAC1; 
else 

break; 

end 

end 

if  PHACKPHACO  %rearrange  PHACO  to  be  leas  than  PHAC1 

PHACmax-PHACO; 

PHACmin-PHACl; 

PHACl-PHACmax 
PHAC  0= PRACrai n 
else 
end 

(DONE, it  has  been  determined  that  PHAC  lies  between  PHACO  and  PHAC1 


j-0; 

♦Determine  solution  for  Pvc 
PHACm=0.5* (PHAC0+PHAC1) ; 
firsthalf-O; 

while  aba ( <PHAC1-PHAC0> /PHACO)  >  0.0001 

i-1 

j-j+1 

if  firsthalf=l 

U-tVp  PI  P2  PHACm] ;  %Vector  of  input  parameters  to  compliance  matrix 

S-A*U';  %S  is  the  vector  of  all  linear  responses 

Fvc«S(13);  Pvm=*PHACm-P2;  %Define  these  loadings  for  use  in 
NLActiveValve_MembraneCaseA . m 

[y, r, Vtotal, psi , W, theta, xi, thetaND, ps iND, sigma_r_top, sigma_r_bot, yvc,maxstress ]  - 
NLActiveValve_MerabraneCaseA(Pvm,Fvc,rvc,rvm, tvm,Esi, nusi,flagNL,No) ; 
dVvm-V total;  dVte-S(6);  dVpis*=S<8);  dVfluid-S  (9)  ;  dVtop-S(ll); 
checkm  *•  (dVvm  +  dVtop  -  dVte  -  dVpis  -  dVfluid) ; 

else 

U«[Vp  PI  P2  PHACO];  %Vector  of  input  parameters  to  compliance  matrix 

S”A*0’ ;  %S  is  the  vector  of  all  linear  responses 

Fvc~S{13);  Pvm»PHAC0-P2 ;  %Define  these  loadings  for  use  in 
HLAc t i ve Va 1 ve_Memb r a n eC a s e A . m 

ly, r, Vtotal, psi, W, theta, xi, thetaND, psiND,sigma_r_top,sigma_r_bot,yvc,maxstress]  - 
NLAct i veVa 1 ve  MembraneCaseA(Pvm,Fvc,rvc,rvm,tvm,Esi,nusi,flagNL,No) ; 
dVvm=Vtotal;  dVte=S(6) ;  dVpis=S(8);  dVfluid-S (9) ;  dVtop=S{ll); 
checkO  -  (dVvm  +  dVtop  -  dVte  -  dVpis  -  dVfluid); 

tJ=[Vp  PI  P2  PHACm];  %Vector  of  input  parameters  to  compliance  matrix 

S=A*U';  %S  is  the  vector  of  all  linear  responses 

Fvc“S<13);  Pvm-PHACm-P2;  %Define  these  loadings  for  use  in 
NLActiveValve_MembraneCaseA.m 

ty, r, Vtotal, psi, W, theta, xi,  thetaND, psiND, sigma_r_top, sigma_r_bot, yvc,maxstress ]  » 
NLActiveValve_MembraneCaseA(Pvm,Fvc,rvc,rvm,  tvm,Esi,nusi,  flagNL,No) ; 
dVvm=Vtotal;  dVte-S(6);  dVpis=S(8);  dVfluid-S  (9) ;  dVtop=S(ll); 
checkm  -  {dVvm  +  dVtop  -  dVte  -  dVpis  -  dVfluid) ; 

end 

if  checkO *checkm  <=  0 
PHACl-PHACm; 
firsthalf-1; 
else 

PHACO-PHACm; 

firsthalf-0; 

end 
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PHACm-0 . 5  * ( PHACO  +PRAC1 ) 

end 

PHAC-PHACm; 

%DOKE,  PHAC  solution  has  been  determined 


lEvaluate  all  parameters  for  last  value  of  PHACm 


U-[Vp  PI  P2  PHACm];  IVector  of  input  parameters  to  compliance  matrix 

%S  i«  the  vector  of  all  linear  responses 

Pvc-S(13);  Pvm-PHACm-P2;  %Define  these  loadings  for  use  in  HLActiveValve  MembraneCaseA.m 
ly,r,Vtotal,psi,*ftheta,xi,thetaND,paiND, sigma  r  top, sigma  r  bot,yvc,maxstress)  - 
NLActiveValveMembraneCaseA  (Pvm,  Pvc,  rvc,  rvm,  tvm,Esi, nusi,  f lagNL, Mo)  ; 


Zp-S(l)  %Print  to  screen  all  results 

Tp-S<2) 

Qp-SO) 

Zbot-S (4) 

Zte-S (5) 
dVte-S (6) 

Zpis-S(7) 
dVpis-S(B) 
dVf luid-S (9) 

Ztop-S(lO) 

dVtop-S(ll) 

SVm-S  (12) 

EVc-S{13) 

Zde-S<14) 

Zvc-yvc+Ztop 

dVvm-Vtotal 

maxstress 

%DONE 
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Abstract 

In  this  work  the  concept  of  hydraulic  amplification  as  a  means  of  stroke  amplification  is 
explored  for  applications  in  MicroElectroMechanical  Systems  (MEMS).  Building  on  the 
batch  fabrication  technologies  of  the  semiconductor  industry,  MEMS  technology  could  en¬ 
able  the  simultaneous  fabrication  of  mutiple  microhydraulic  systems  of  which  hydraulic 
amplifiers  would  form  part.  Precision  lithography  would  furthermore  make  dense  arrays  of 
microhydraulic  systems  possible,  with  the  eventual  goal  being  to  create  high  power  density 
microscale  actuation  and  power  generation  systems. 

This  document  provides  an  overview  of  the  design  considerations  required  for  a  successful 
microfabricated  hydraulic  amplifier,  and  proceeds  to  discuss  the  techniques  developed  to 
successfully  fabricate,  assemble  and  test  such  a  device.  Deep  Reactive  Ion  Etching  (DRIE) 
techniques  were  developed  for  creating  strong  tethered  membrane  structures  using  Silicon 
On  Insulator  (SOI)  technology.  Bonding  techniques  included  silicon-silicon  fusion  bond¬ 
ing  of  fragile  wafers  and  silicon-glass  anodic  bonding  and  alignment  on  the  wafer  and  die 
level  to  produce  multi-layered  structures.  Liquid  filling  of  micromachined  dead  volumes 
through  micron-size  channels  was  performed.  Static  sealing  techniques  for  leak-free  sealing 
of  micromachined,  filled  dead  volumes  with  minimal  seal  compression  and  dynamic  sealing 
techniques  when  quasi-static  actuation  is  not  a  prerequisite  were  successfully  developed. 

Using  these  techniques,  several  hydraulic  amplification  devices  have  been  produced.  Testing 
of  these  devices  revealed  good  correlation  with  theoretical  predictions.  Stroke  amplification 
ratios  as  high  as  48  :  1  have  been  observed.  In  addition,  natural  frequencies  of  up  to  10kHz 
were  measured.  In  conclusion,  this  work  verifies  the  viability  of  hydraulic  amplification  for 
applications  in  microscale  actuation  systems. 
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Chapter  1 

Introduction 


At  a  time  when  the  mere  existence  of  the  air  around  us  was  a  debatable  topic,  the  French 
mathematician  and  scientist  Blaise  Pascal  (1623-1662)  presented  a  remarkable  series  of 
scientific  studies  on  the  behavior  of  fluids  [1].  In  1653,  his  studies  led  to  the  formulation  of 
what  is  now  known  as  Pascal’s  law,  which  can  be  stated  as:  ’’Pressure  applied  to  an  enclosed 
fluid  is  transmitted  undiminished  to  every  portion  of  the  fluid  and  the  walls  of  the  containing 
vessel”  [2].  It  is  from  this  simple  principle  that  the  concept  of  hydraulic  force  amplification 
or  stroke  amplification  can  be  derived.  Hydraulic  amplification  is  a  conceptually  elegant 
means  of  mechanical  amplification,  with  few  moving  parts  and  no  mechanisms. 


1.1  Objective 


The  objective  of  the  work  presented  here  is  to  explore  the  feasibility  of  hydraulic  coupling 
as  a  means  of  stroke  amplification  for  actuation  in  a  microscale  hydraulic  system.  For  the 
purposes  of  this  discussion,  the  term  ”  microscale”  will  refer  to  any  device  that  is  fabricated 
by  means  of  microfabrication  technology. 

The  microscale  hydraulic  system,  in  this  case,  is  a  piezoelectrically  driven  microfluidic  prime 
mover  with  a  piezoelectric  piston  and  two  piezoelectrically  driven  active  valves.  Thanks  to 
its  active  valves,  this  device,  also  called  a  MicroHydraulic  Transducer  (MHT)  ,  pictured  in 
Figure  1.1  can  be  operated  as  either  a  pump  or  a  generator.  The  pump/generator  modes 
of  operation  are  shown  in  Figure  1.2.  Due  to  the  requirement  of  both  large  stroke  and 
high  frequency  actuation  of  the  active  valves,  direct  actuation  by  piezoelectric  elements  is 
not  feasible,  and  hydraulic  amplification  provides  an  attractive  means  for  amplifying  the 
stroke  of  the  piezoelectric  valve  actuators.  For  background  on  this  device,  and  the  general 
concept  of  a  MicroHydraulic  Transducer,  the  reader  is  referred  to  [3], [4].  In  this  work, 
we  will  introduce  the  concept  of  hydraulic  amplification  for  actuation  in  MicroElectroMe- 
chanical  Systems  (MEMS)  by  evaluating  the  performance  of  the  hydraulic  amplifiers  of  the 
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$D  Modeling  by  H.Q.  Li.  Rendering  by  J.L.  Steyn 

Figure  1.1:  3D  Section  view  of  a  MicroHydraulic  Transducer  Device. 


MicroHydraulic  Transducer  shown  in  Figure  1.1. 


1.2  Survey  of  previous  work 


Although  hydraulic  amplification  has  not  been  investigated  for  microfabricated  devices, 
numerous  macroscopic  systems  using  hydraulic  amplification  have  been  reported.  This 
section  provides  a  brief  overview  of  some  previous  work,  and  also  some  general  work  in 
microhydraulic  and  microfluidic  systems. 


1.2.1  Macroscale  hydraulic  amplification 


Hydraulic  force  amplification  forms  an  integral  part  of  modern  industry,  where  servo- 
hydraulic  systems  can  be  found  in  applications  ranging  from  earthmoving  equipment  to 
aerospace  applications.  Hydraulic  stroke  amplification,  however,  is  less  common. 

Tang  presented  an  hydraulic  stroke  amplifier,  employing  very  viscous,  stiff  fluids,  so-called 
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pumping 

operation 
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operation 


Figure  1.2:  The  two  modes  of  operation  for  an  active  valve  MHT  device:  (a)  Pump¬ 
ing/Actuation  and  (b)  Power  generation. 
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liquid  plastic  PVC,  for  active  vibration  control  of  rotorblades.  [5]  Using  ultrasonic  tech¬ 
niques,  bulk  modulus  measurements  of  the  fluids  are  reported,  and  range  from  1.9GPa  to 
2GPa,  compared  to  a  measured  bulk  modulus  of  2.2GPa  for  water. 

In  [6]  another  application  for  active  vibration  control  prompted  the  need  for  hydraulic 
amplification  of  piezoelectric  actuation.  Using  ethylene  glycol  as  the  hydraulic  fluid,  a 
novel  ring-type  actuator  was  produced. 


1.2.2  Microscale  stroke  amplification 

Although  hydraulic  amplification  of  force  and  stroke  has  not  been  applied  in  the  field  of 
MEMS  until  now,  other  means  of  mechanical  stroke  amplification  techniques  have  been 
explored.  Where  piezoelectric  actuation  is  desired,  bimorph  beam  structures  have  been 
fabricated  to  convert  the  in-plane  strain  of  the  piezoelectric  element  into  an  out-of-plane 
motion.  The  piezoelectric  material  takes  the  form  of  a  thin  film,  either  zinc  oxide  ( ZnO ) 
or  ceramic  lead  zirconate  titanate  ( PZT ).  These  beam  structures  were  claimed  to  have 
potential  applications  in,  amongst  others,  mass  sensing  [7],  sound  generation  [8]  and  thin 
film  characterization  [9]. 

In  work  by  Rogers  [10]  a  number  of  compliant  flexure  systems  for  stroke  amplification  is 
mentioned,  with  amplification  ratios  of  5  to  50  and  efficiencies  of  greater  than  80%,  where 
the  efficiency  is  defined,  in  this  case,  as1: 

_  ( [Forceout )  x  (Displacement out) 

'Hmech  (Force  in)  x  (Displacement  in) 

These  flexural  linkage  systems  are  visually  quite  impressive.  A  theoretical  treatment  on 
multi-stage  cascaded  flexural  linkage  systems  is  presented  in  [12],  Amplification  ratios  as 
high  as  148:1  are  reported.  In  general,  the  literature  provides  limited  information  on  the 
actual  stiffnesses  of  these  mechanisms.  However,  it  is  apparent  from  the  size  of  the  devices 
discussed,  as  well  as  the  method  of  fabrication  -  surface  micromachining  -  that  these  flexural 
amplification  devices  are  mostly  suited  for  light-duty  applications.  In  the  work  presented 
here  we  will  strive  to  develop  a  stroke  amplifier  that  will  provide  substantial  (large  force) 
actuation  authority  on  the  microscale. 


For  a  more  comprehensive  treatment  on  actuation  efficiencies,  based  on  macroscale  stroke  amplification 
devices,  the  attention  of  the  reader  is  also  drawn  to  the  work  of  Prechtl  and  Hall  [11]. 
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1.2.3  Microfluidic  and  microhydraufic  systems 


Numerous  microfluidic  devices  for  various  applications  have  been  reported.  Of  these  de¬ 
vices,  micropumps  and  microvalves,  in  particular,  could  be  used  to  construct  microhydraulic 
systems.  In  any  such  system,  the  proposed  microscale  hydraulic  amplification  concept  can 
be  an  enabling  technology  to  accomplish  such  tasks  as  large  stroke  valve  operation  and 
general  force  or  stroke  amplified  mechanical  actuation.  For  completeness  we  present  here 
an  overview  of  some  of  the  highlights  in  the  development  of  micropumps  and  microvalves 
for  potential  use  in  small-scale  hydraulic  systems. 

Often,  hydraulic  systems  will  require  a  prime  mover  that  can  take  the  form  of  a  pump  or  a 
generator.  In  1988  Van  Lintel  [13]  reported  a  piezoelectrically  driven  micromachined  silicon 
pump  with  a  maximum  flow  rate  of  approximately  0  £  ill /min  and  a  maximum  pressure  head 
of  approximately  2.5m#20.  A  year  later  Esashi  [14]  reported  a  piezoelectric  micropump 
with  a  maximum  flow  and  A P  of  2 Ofil/min  and  0.78mH2O  respectively.  Recently,  in  the 
same  project  of  which  this  study  forms  part,  using  features  of  the  MHT  technology  described 
earlier  [4],  a  seven  layer  silicon-glass  piezoelectric  micropump  capable  of  delivering  up  to 
3000 j min,  or  setting  up  differential  pressures  as  high  as  450k Pa  was  developed  [15]. 
With  functional  dimensions  of  approximately  8  x  8  x  10mm,  this  device  demonstrated  that 
small-scale  high  power  density  prime  movers  can  become  a  reality.  The  performance  of  this 
pump  is  matched  and,  in  some  cases,  even  exceeded  by  elektrokinetic  pumps  as  described, 
for  example,  in  [16].  Electrokinetic  pumps  are  mechanically  very  simple  and  robust,  but 
suffer  from  a  finite  lifetime  due  to  the  electrochemical  reaction  that  drives  the  flow. 

A  large  number  of  microvalves  for  various  applications  have  been  developed  and  reported 
in  the  literature,  and  a  detailed  discussion  of  previous  microvalves  is  not  presented.  Indeed, 
microvalves  have  seen  development  to  the  stage  where  they  have  already  found  commercial 
applications  such  as  mass  flow  control  and  pilot  valves.  See,  for  example,  [17].  It  should  be 
noted  that  valves  developed  specifically  for  liquid  applications  are  less  common  than  those 
for  gas  applications.  This  fact  is  also  reflected  in  the  review  by  Gravesen  [18].  The  reader 
is  referred  to  this  review  for  a  more  complete  overview  of  the  earlier  microvalves.  A  newer, 
high-frequency,  high-pressure,  high-flowrate  microvalve  that  was  enabled  by  the  hydraulic 
amplification  technology  discussed  in  this  document  is  presented  by  Roberts  [19],  and  the 
reader  is  encouraged  to  review  his  work  in  conjunction  with  the  work  presented  here. 

A  brief  remark  has  to  be  made  on  devices  that  are  sometimes  referred  to  as  ”  fluidic  ampli¬ 
fiers”.  Reported  by  Zdeblick  [20]  and  later  Vollmer  [21]  and  also  called  ”wall  attachment 
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amplifiers”,  these  devices  operate  on  flow  streams  to  either  amplify  the  flow  rate  or  the 
pressure.  These  devices  can  also  find  useful  applications  in  microhydraulic  systems,  but  we 
want  to  emphasize  that  the  device  that  we  will  refer  to  as  an  hydraulic  amplifier  in  this  work 
is  completely  different  from  devices  previously  developed  and  subsequently  named  fluidic 
amplifiers. 


1.3  Motivation 


Recent  developments  in  MEMS  have  brought  quite  a  number  of  devices  that  can  be  classified 
as  ”Power-MEMS”  devices,  with  the  purpose  of  performing  meaningful  mechanical  work 
rather  that  simple  sensing  or  chemical  analysis.  See  for  example,  [22],  MHT  technology, 
as  dicussed  previously,  also  falls  in  this  category  by  attempting  to  exploit  the  benefits  of 
piezoelectric  materials  on  the  microscale. 

As  is  shown  in  [3],  piezoelectric  materials  can  be  made  to  operate  efficiently  as  electrome¬ 
chanical  transducers,  even  at  high  mechanical  loads.  Like  most  so-called  "smart”  materials, 
piezoelectric  materials  have  the  drawback  of  being  able  to  provide  only  minimal  actuation 
stroke.  They  can,  however,  operate  at  very  high  frequecies,  usually  with  a  minimal  reduc¬ 
tion  in  their  actuation  authority.  Since  the  mechanical  power  output  of  a  transducer  will 
be  proportional  to  Work /cycle  x  frequency,  it  is  clear  that  high  frequency  operation  is 
desirable  for  high  power  output. 

For  high  frequency  operation  of  the  piezoelectric  material,  the  structure  that  is  driven 
by  this  material  should  ideally  have  a  high  natural  frequency.  MEMS  provides  a  means 
of  producing  small,  stiff  structures  with  high  natural  frequencies.  MHT  technology  then 
uses  hydraulic  fluid  as  a  rectifying  medium.  The  energy  is  transferred  from  the  piezoelectric 
element  to  the  fluid,  which  can  then  be  used  to  drive,  say,  an  hydraulic  actuator  at  a  slightly 
lower  frequency  to  provide  actuation  for  "real-world”  mechanical  applications,  where  the 
desired  frequency  of  operation  might  be  in  the  1  -  100 Hz  range,  compared  to  the  10 kHz 
operation  desired  for  the  piezoelectric  actuation  element. 

Even  on  the  microscale,  however,  the  stroke  provided  by  the  piezoelectric  material  may 
not  be  sufficient  to  operate,  for  example,  a  microvalve  in  an  MHT  system.  Therefore, 
for  microscale  applications  of  piezoelectric  materials,  there  exists  a  definite  need  for  stiff, 
compact  stroke  amplification  mechanisms  or  devices. 
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SD  Modeling  by  H.Q.  Li.  Rendering  by  J.L.  Steyn 

Figure  1.3:  3D  View  of  the  layers  of  the  MHT  Device. 


The  primary  motivation  for  the  development  of  a  microscale  hydraulic  amplifier  is  this 
need  for  a  ” power-MEMS”  type  stroke  amplifier  for  microscale  piezoelectric  applications, 
in  contrast  to  previous  stroke  amplification  devices,  discussed  in  Section  1.2.2,  and  geared 
solely  towards  light-duty  sensing  and  positioning  applications.  A  secondary  motivation  for 
this  research  is  the  complete  void  in  the  field  of  MEMS  in  terms  of  either  hydraulic  force  or 
stroke  amplification,  and  the  need  to  gain  some  insight  into  the  requirements  with  respect 
to  the  design  and  operation  of  such  devices. 


1.4  Method  of  investigation 


Using  the  MHT  device  mentioned  previously  as  a  test  bed,  this  work  demonstrates  that 
hydraulic  amplification  is  a  viable  and  an  elegant  means  for  stroke  amplification.  Figures 
1.3  and  1.4  show  the  major  components  of  this  device  in  more  detail.  As  a  full  experimental 
microhydraulic  transducer,  this  device  has  the  following  design  features: 


•  Dimensions  of  20  x  20  x  10mm 

•  Five  silicon  and  four  glass  layers,  making  a  nine  layer  device 
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Figure  1.4:  Expanded  cross  section  view  of  the  MHT  Device. 


•  Three  groups  of  three  piezoelectric  elements  for  three  piezoelectrically  driven  microac- 
tuator  structures 

•  Two  hydraulically  amplified  active  valves. 

•  One  pumping  (or  energy  generating)  chamber 


In  this  work,  the  hydraulic  amplifier  under  consideration,  as  a  subcomponent  of  the  full 
MHT  device,  is  shown  in  Figure  1.5.  The  MHT  system,  and  therefore  also  the  hydraulic 
amplifier  as  one  of  its  subcomponents,  rely  heavily  on  the  use  of  tethered  piston  structures 
to  create  moving  pistons  on  the  microscale.  These  tethered  pistons  with  flexural  seals  and 
rigid  center  bosses  are  compatible  with  conventional  micromachining  techniques,  as  we  will 
discuss  in  Chapter  3.  The  operation  of  a  basic  tethered  piston  is  shown  in  Figure  1.6. 

In  the  chapters  that  follow,  the  issues  that  had  to  be  addressed  with  respect  to  the  design, 
fabrication,  fluid  filling,  sealing  and  eventual  testing  and  evaluation  of  a  successful  MEMS 
hydraulic  amplifier  will  be  discussed.  Finally  experimental  results  with  good  agreement  to 
theoretical  predictions  are  presented. 
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Figure  1.6:  The  operation  of  a  tethered  piston.  All  moving  components  rely  on  this  mech¬ 
anism.  (a)  Shows  an  undeflected  tethered  membrane,  and  (b)  one  that  has  been  deflected, 
either  by  a  load  at  the  center  (e.g.  piezoelectric  actuation)  or  by  a  pressure  differential 
applied  over  the  structure. 


Chapter  2 

Design  considerations 


In  order  to  produce  a  successful  hydraulic  amplification  device,  whether  be  it  on  the  mi¬ 
croscale  or  the  macroscale,  certain  aspects  of  its  design  require  careful  thought  to  ensure 
that  the  functional  requirements  established  be  met.  This  chapter  provides  a  brief  overview 
of  the  issues  that  were  addressed  in  the  design  of  the  particular  hydraulic  amplification  de¬ 
vice  mentioned  in  Chapter  1.  For  a  more  detailed  treatment  of  some  the  material  presented 
here,  the  reader  is  referred  to  [19]- 


2.1  The  ideal  hydraulic  amplifier 


When  considering  the  design  of  a  closed  hydraulic  system  which,  to  first  order,  obeys  Pascal’s 
law,  it  is  always  beneficial  to  keep  in  mind  the  ideal  hydraulic  amplifier  1.  In  the  ideal 
hydraulic  amplifier  it  is  assumed  that  all  structural  components  have  infinite  stiffness  and 
that  the  coupling  fluid  is  fully  incompressible  (i.e.  infinite  bulk  modulus).  Furthermore,  it 
is  assumed  that  the  mass  of  all  components  are  negligible,  and  that  the  device  will  have 
infinite  bandwidth  of  operating  frequency.  It  goes  without  saying  that  the  device  should  be 
completely  lossless.  Figure  2.1  depicts  a  conceptually  ideal  hydraulic  amplifier. 


In  this  case,  due  to  conservation  of  mass,  the  amplification  is  given  by  the  area  ratio: 


zi  _  M 
*2  M 


(2.1) 


1The  electrical  analogy  to  this  would  be  the  ideal  transformer.  See,  for  example  [23] 
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Figure  2.1:  The  ideal  hydraulic  amplifier. 

2.2  The  practical  hydraulic  amplifier 


By  changing  the  following  assumptions,  the  ideal  hydraulic  amplifier  is  transformed  into  a 
practical  hydraulic  amplifier: 

•  The  coupling  fluid  has  a  finite  bulk  modulus. 

•  The  structural  components  have  nonzero  compliance. 

•  The  structural  components  have  mass. 

•  The  fluid  itself  also  has  inertia. 

•  Provision  should  be  made  for  losses.  An  example  is  viscous  losses  due  to  squeeze  film 
damping,  depending  on  the  geometry  of  the  device  under  consideration 

It  will  be  obvious  to  the  reader  that,  in  particular,  the  added  compliance  (both  fluidic  and 
structural)  of  the  practical  hydraulic  amplifier  will  be  a  dominant  limiting  factor  in  the 
static  performance  of  such  a  device.  In  this  work  we  will  be  concerned  mostly  with  the 
static  behavior  of  hydraulic  amplifiers  as  actuation  couplers. 


2.3  The  hydraulic  amplifier  evaluated  in  this  work 


The  hydraulic  amplification  devices  that  were  evaluated  in  this  work  are  schematically 
shown  in  Figure  2.2.  These  devices  are  constructed  using  microfabrication  techniques. 
They  feature  two  tethered-membrane  piston-type  elements. 
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These  devices  have  the  following  design  features  and  associated  aspects  that  need  to  be 
addressed  in  analysis,  fabrication  and  testing: 

•  A  nine  layer  device,  with  five  silicon  and  four  glass  layers. 

•  A  tethered  large  piston  structure,  with  the  annular  tether  thickness  defined  by  the 
thickness  of  the  Silicon-On-Insulator  (SOI)  layers  of  Layers  4  and  5  in  Figure  2.2.  All 
pressures  and  deflections  relating  to  the  large  piston  will  have  subscript  1.  Note  that 
this  piston  is  a  double-tethered  piston,  designed  to  increase  the  natural  frequency  of 
the  structure  [19]. 

•  A  tethered  small  piston  structure  with  the  annular  tether  thickness  defined  by  the 
SOI  layer  of  Layer  7  in  Figure  2.2.  All  pressures  and  deflections  relating  to  the  small 
piston  will  have  subscript  2.  If  needed,  more  than  one  small  piston  can  be  driven 
from  a  single  large  piston.  This  work  investigates  the  behaviour  of  two  small  piston 
configurations,  namely  a  device  with  a  single  small  piston,  and  also  one  with  an  array 
of  ten  small  pistons. 

•  An  hydraulic  amplification  chamber  formed  by  ultrasonic  machining  into  glass  Layer 
6  in  Figure  2.2. 


In  addition,  the  device  can  either  be  pressure  actuated,  as  shown  in  Figure  2.2a,  or  it  can 
be  piezoelectrically  driven,  as  shown  in  Figure  2.2b. 

2.3.1  Design  considerations 


The  design  of  the  devices  mentioned  in  Section  2.3  was  accomplished  through  use  of  the 
following  techniques  2: 


•  Baseline  design  of  the  final  MHT  device  as  a  starting  point  for  the  design  process  [4]. 

•  System-level  design  of  the  final  MHT  device  to  determine  the  required  pressures  and 
deflections.  These  were  used  as  the  structural  inputs  for  the  design  steps  that  followed 
[24],  [19], 


JThe  author  gratefully  acknowledges  the  work  done  by  D.C.  Roberts,  O.  Yaglioglu,  Y.-H.  Su  and  J.A. 
Carretero  in  terms  of  the  structural  and  fluidic  modeling  of  this  device 
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Figure  2.3:  Nomenclature  for  a  piston  with  microfabricated  membrane  tethers 

•  Preliminary  design  of  the  tethered  membrane  structures  through  use  of  a  nonlinear 
annular  plate  code  [25],  [19].  This  also  included  a  coupled  modeling  of  the  HAC  using 
a  nonlinear  plate  code  for  the  tether-membrane  structures  and  a  linear  plate  equation 
for  the  bending  of  the  large  piston  to  produce  an  iterative  nonlinear  model  of  the 
HAC. 

•  Verification  of  proper  chamber  height  to  minimize  squeeze  film  damping  effects  [26]. 

•  Verification  of  the  initial  design  through  finite  element  simulation  [19]. 

2.3.2  Critical  dimensions  of  the  devices  built 

Figure  2.3  outlines  the  revelevant  dimensions  that  are  important  when  designing  a  tethered 
piston  structure.  Tables  2.1,  2.2,  2.3  and  2.4  provide  the  dimensions  obtained  for  two  types 
of  hydraulic  amplifier,  designed  using  the  procedures  described  in  2.3.1.  (See  [19]  and  [24]) 
The  associated  material  properties  are  given  in  Appendix  A  for  reference. 


2.4  The  stiffness  matrix  of  a  flexural  seal  based  hydraulic  amplifier 


To  evaluate  the  stiffness  of  an  hydraulic  amplification  device,  it  is  sometimes  useful  to  define 
a  stiffness  matrix  to  enable  one  to  evaluate  the  performance  of  the  device  as  a  mechanical 
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ra 

3613  fim 

Outer  radius 

n 

338 8/im 

Inner  radius 

wr 

20  \xm 

Fillet  width 

t\JJ 

400 pm 

Wafer  thickness 

trn  =  tsoi 

10 fim 

SOI  thickness 

Table  2.1:  Large  piston  dimensions  for  all  hydraulic  amplifiers  built 


ra 

69 6fim 

Outer  radius 

n 

25  Afim 

Inner  radius 

Wr 

20  fim 

Fillet  width 

t vj 

300 /im 

Wafer  thickness 

tm  —  tsoi 

7/im 

SOI  thickness 

Table  2.2:  Small  piston  dimensions  for  hydraulic  amplifiers  with  a  single  small  piston 


ra 

368 fim 

Outer  radius 

n 

97 fim 

Inner  radius 

Wr 

20  fim 

Fillet  width 

tyj 

300 yum 

Wafer  thickness 

tm  ~  tsoi 

7fjLm 

SOI  thickness 

Table  2.3:  Small  piston  dimensions  for  hydraulic  amplifiers  with  ten  small  pistons 


Vc 

8.3  nl 

Chamber  volume 

hc 

200 fim 

Chamber  height 

Table  2.4:  Other  dimensions  and  values 
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transducer  or  coupler.  This  also  aids  in  visualizing  the  effect  of  various  compliances  in  the 
system,  and  assists  in  debugging,  should  fabricated  devices  not  perform  to  expectations. 

In  such  a  device,  various  compliances  of  different  orders  of  magnitude  can  be  present.  For 
example,  the  working  fluid  might  be  a  very  stiff  part  of  the  hydraulic  amplifier,  especially 
when  dealing  with  flexure-sealed  structures,  as  is  the  case  for  the  devices  considered  in  this 
work.  In  this  scenario,  the  membranes  themselves  will  typically  be  the  most  compliant 
elements  and  the  effect  of  this  compliance  can  readily  be  incorporated  in  the  models  used 
to  design  the  hydraulic  amplifiers  [19].  However,  the  introduction  of  a  bubble  into  the 
fluid  might  affect  the  effective  bulk  modulus  of  the  chamber  by  orders  of  magnitude,  hence 
making  the  fluid  a  compliance  that  needs  to  be  considered  as  well. 

We  will  introduce  the  concept  of  a  stiffness  matrix  by  considering  a  much  simplified  case, 
using,  instead  of  fluid,  pistons  and  pressures,  a  simple  spring  system.  Thereafter,  we  will 
consider  a  fictitous  hydraulic  amplification  device  with  perfect  sliding  seals,  to  introduce 
the  concept  of  amplification  into  the  stiffness  matrix.  Thereafter,  we  will  consider  the  more 
complex  case  of  a  tethered  structure  where  the  fluid  pressure  is  now  acting  not  only  on 
the  pistons  but  on  the  membrane  tethers  themselves.  In  all  the  arguments  presented,  we 
will  deal  with  a  linear  coupler.  Introducing  nonlinearity  will  invalidate  the  simple  concept 
of  a  stiffness  matrix  and  will  require,  rather,  a  stiffness  function  to  be  considered,  as  is 
mentioned  in  Section  2.5.  In  addition,  we  only  consider  a  static,  pressure  actuated  hydraulic 
amplification  device  in  this  argument. 


2.4.1  A  simple  spring-based  analogy 

In  this  case,  as  shown  in  in  Figure  2.4,  we  can  write  down  the  following  stiffness  matrix  for 
the  system: 

(:)- 

The  inverse  of  this  matrix  will  be  the  compliance  matrix .  In  Equation  2.2  the  springs  k\  and 
&2  are  equivalent  to  the  membrane  tether  stiffnesses  in  the  hydraulic  amplifier  depicted  in 
Figure  2.2,  and  the  spring  kc  is  related  to  the  lumped  stiffness  of  the  chamber  itself,  including 
the  bulk  modulus  of  the  fluid  as  well  as  the  compliance  of  the  tether  seals.  Note  that  if 


fa  +  fa  -fa 
- fa  fa  +  fc2 


(;) 


(2.2) 
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Figure  2.4:  A  simple  three-spring  coupler  analogy 


Figure  2.5:  An  hydraulic  amplifier  with  sliding  seals 

k\  =  &2  =  0,  the  matrix  will  be  singular.  In  general,  soft  springs  are  desirable  for  k\  and 
and  a  hard  spring  is  desirable  for  kc.  This  implies  that,  in  general,  the  stiffness  matrix 
will  be  almost  singular.  In  the  discussions  that  follow,  both  in  this  chapter,  and  also  in 
Chapter  6,  reference  will  be  made  to  this  fact.  However  simple  it  may  be,  this  three-spring 
analogy  proves  to  be  the  most  useful  in  understanding  and  conveying  the  basic  compliance 
effects  that  need  to  be  considered  when  designing  and  testing  an  hydraulic  amplifier.  The 
paragraphs  that  follow  will  look  at  particular  cases  in  more  detail. 

2.4.2  An  hydraulic  amplifier  with  sliding  seals 

Here  an  ideal  hydraulic  amplifier  with  return  springs  and  a  finite  fluid  bulk  modulus  is 
considered,  as  shown  in  Figure  2.5.  In  this  case  we  can  say  the  following  about  the  pressure 
acting  on  the  large  piston: 
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*1  ,  Pf&Vi  PfAV2 

=  TS  +  - % - — 

h  ,  P/AiZi  PfA2z2 

~  T,Z1  +  —C  vT 


(2.3) 


Note  that,  in  this  case,  the  chamber  compliance  only  depends  on  /3f,  the  bulk  modulus  of 
the  fluid.  At  this  point  it  makes  sense  to  introduce  the  concept  of  what  can  be  defined  as 
the  inverse  compressibility  matrix ,  given  in  Equation  2.4,  which  gives  as  result  a  vector  of 
pressures  rather  than  a  vector  of  forces  when  it  operates  on  a  displacement  vector.  It  can 
therefore  also  be  called  a  displacement-pressure  operator.  In  the  SI  system  it  has  units  of 
Pa/m. 


Note  that  the  inverse  compressibility  matrix,  as  shown  in  Equation  2.4  is,  in  general,  not 
symmetric.  We  can  proceed  to  define  the  stiffness  matrix  as  follows:  In  Equation  2.5,  the 
effective  force  on  the  large  piston  can  be  defined. 


Peff,  1  —  PlAx  —  kiZi  -f 


PfA\A2 
- 7? - *2 


(2.5) 


Similarly,  we  can  also  write  the  expression  for  the  effective  force  on  the  small  piston: 


Feffa  =  P2A2  ~  k2Z2  + 


j3fAiA2 

vc  Zl 


(2.6) 


This  enables  us  to  define  the  stiffness  matrix  for  an  hydraulic  amplifier  with  sliding  seals: 


^  +  h 

0fA\A2 


Vc 


PfAzAi 

Vc 

M l 
vc 


+  &2 


(2.7) 


This  stiffness  matrix  is  symmetric.  Furthermore,  it  is  almost  singular,  just  like  the  previous 


38  2  Design  considerations 


matrices  in  Equations  2.2  and  2.4. 


2.4.3  An  hydraulic  amplifier  with  flexural  seals 


We  are  now  ready  to  consider  an  hydraulic  amplifier  of  the  type  investigated  in  this  work. 
A  simplified  schematic  view  is  shown  in  Figure  2.6.  In  this  case  the  flexural  seals  contribute 
to  the  compliance  of  the  HAC,  and  it  is  necessary  to  revert  to  the  effective  chamber  bulk 
modulus  (/3C)  first  introduced  in  Equation  2.2  to  account  for  this  additional  compliance. 
In  addition,  the  flexural  seals,  or  tethers,  also  act  as  part  of  their  respective  pistons.  It 
therefore  becomes  neccessary  to  define  an  effective  area  for  the  pistons  that  includes  a 
portion  of  the  tether  area.  Introducing  the  changes  into  Equations  2.4  and  2.7,  we  obtain 
the  following  expressions: 


The  use  of  effective  areas  in  the  equations  mentioned  above  brings  with  it  the  complication 
of  correctly  defining  these  areas.  To  correctly  define  the  effective  area,  one  needs  to  find  the 
equivalent  diameter  of  a  rigid  sliding  piston,  as  discussed  in  Section  2.4.2  that  will,  for  a 
given  deflection,  z,  produce  the  same  volume  change,  A l7  as  a  piston  with  annular  flexural 
seals.  In  the  case  where  the  deflections  are  small,  this  approximation  is  feasible.  For  large 
deformations,  one  will  find  that  the  effective  area  will  change  throughout  the  stroke  of  the 
piston. 


Because  all  experimental  work  presented  in  Chapter  6  was  done  by  means  of  applying 
pressure  loadings  and  measuring  resultant  displacements,  we  will  use  the  following  version 
of  Equation  2.8  from  now  on: 


Pl  |  _  Pell  +  ipl  -Pc72 
P2  j  ~Pc 71  Pc 72  +  V>2 


(2.10) 
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Or,  in  vector-matrix  notation: 

P  =  Dz  (2.11) 

Where,  in  this  inverse  compressibility  matrix,  we  note  that,  for  small  deflections  of  either 
the  large  piston  or  the  small  piston,  when  they  are  tested  individually ,  and  not  as  part  of 
the  coupler,  we  can  write: 


Pi  =  V>lZl 

P2  =  i>2Z2 

(2.12) 

And,  furthermore: 

Aleff 

71  =  FC 

72  =  M'eff 

72  vc 

The  inverse  of  this 

matrix,  the  compressibility  matrix,  will  then  have  the  form: 

T“l  |< 

II 

nT  n1 

&72  +  i>2  0c72 

PcYi  &71  +  i>i 

{;) 

(2.13) 

A  =  /3cyiip2  +  /5c72V»i  + 

Or: 

Z=  CP 

(2.14) 

2.5  The  nonlinear  case 


When  dealing  with  large  displacements3,  there  no  longer  exists  a  stiffness  matrix  for  the 
hydraulic  coupler,  but  rather,  a  stiffness  function.  Or,  in  the  case  of  pressures  and  displace¬ 
ments,  an  inverse  compressibility  function,  as  shown  in  2.15  and  a  compressibility  function 


3In  the  case  of  plate  structures,  including  the  tethered  piston  shown  in  Figure  1.6,  a  ” large  displacement” 
is  typically  assumed  to  be  approximately  >  1/3  of  the  plate  thickness,  in  this  case  tsoi- 
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Figure  2.6:  A  simplified  schematic  of  the  static  hydraulic  amplifier 


as  in  2.16: 


Pi  =  /  (*1,22)  (2.15) 

P'2.  =  (21,2:2) 


21  =  !{PuPi)  (2.16) 

22  =  g(Pi,P2) 


2.5.1  Nonlinear  modeling  and  design  of  the  hydraulic  amplifier 

Expressing  the  functions  /,$,/  and  g  shown  in  (2.15)  and  in  (2.16)  in  analytical  form  is 
not  trivial.  Indeed,  in  this  work,  no  closed-form  expressions  were  ever  derived  for  /,  g,  f  or 
g.  Using  numerical  modeling  one  can,  however,  evaluate  these  functions  numerically. 

Under  numerical  modeling,  we  also  imply  the  numerical  solution  of  the  large  deformation 
equations  for  an  annular  plate  with  a  rigid  center  boss,  as  described  in  detail  by  Su  and 
Roberts  [25], [19].  With  the  theory  described  in  these  references,  one  can  proceed  to  set  up 
the  nonlinear  quasi-static  model  of  the  hydraulic  amplifier  in  the  following  manner: 
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•  Model  the  two  tether  structures,  that  is,  the  small  piston  tether  and  the  large  piston 
tether,  using  the  nonlinear  annular  plate  theory  described  in  [25]  and  [19].  Note  that 
the  large  piston  deflections  {z\)  were  small  in  this  work,  and  a  linear  plate  theory 
would  also  have  sufficed  for  the  large  piston. 

•  Add  additional  compliance  due  to  bending  and  shear  of  the  large  piston.  Here,  a 
linear  thick  plate  theory,  including  shear  deformation,  can  be  used.  The  classical 
reference  is  Timoshenko  [27].  The  small  piston  center  boss  is  assumed  to  be  rigid. 
This  assumption  was  valid  for  the  geometry  used. 

•  Model  the  fluid  as  a  closed  hydraulic  volume  with  a  constant  bulk  modulus. 

We  then  have  a  coupled  system.  The  inputs,  or  ”  loading”  of  the  system  are  the  two 
pressures,  P\  and  P2.  The  unknown  pressure  is  Prac-  We  know  the  following: 

*1  =  MPuPhac)  (2.17) 

*2  =  f2(P2,PHAc)  (2.18) 

Phac  =  h(AVf)  =  (2.19) 

We  further  know  that  the  volume  change  caused  by  the  large  piston,  the  volume  change 
caused  by  the  small  piston  and  the  volume  change  due  to  fluid  compression  must  add  up 
to  zero4: 

AVi  +  AF2  =  A  Vf  (2.20) 

Furthermore,  the  volume  changes  can  be  described  by  : 

AVi  =  gi{zi)  =  giUi{Pi,PHAc)) 

AV2  =  g2(z2 )  =  92(f2{P2,  Phac)) 

AVf  = 

Where  we  note  that  AVi  and  AV2  in  (2.21)  and  (2.22)  are  now  nonlinear  functions  of  the 
inputs,  Pi  and  P2.  The  method  for  obtaining  these  functions  is  described  in  detail  in  the 
work  by  Roberts  and  Su. 

The  system  in  (2.21)-(2.23)  can  be  solved  iteratively  in  a  cascaded  iteration  procedure. 
Iteration  is  performed  to  determine  AVI  and  AV2,  based  on  the  nonlinear  plate  theory, 

4Where  everything  that  causes  a  volume  reduction  of  the  HAC  is  considered  negative,  and  everything 
that  causes  an  increase  is  positive  in  this  relation. 


(2.21) 

(2.22) 

(2.23) 
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using  an  assumed  PHac  as  an  initial  guess.  Then,  by  using  Equation  2.20  with  a  suitable 
convergence  criterium,  the  final  coupled  solution  can  be  obtained.  The  functions  for  AVi 
and  AV2,  although  nonlinear,  are  well-behaved,  and  most  numerical  techniques  should  work. 
In  this  work,  a  simple  bisection  method  was  used5.  (See,  for  example  [28].) 

2.5.2  Nonlinear  simulation  results 


Using  the  techniques  described  in  Section  2.5.1,  the  two  configurations  (one  or  ten  small 
pistons)  of  hydraulic  amplifiers  were  modeled6.  Figures  2.7  to  2.10  are  the  results  of  simu¬ 
lations  on  an  hydraulic  amplifier  with  one  small  piston,  and  Figures  2.11  to  2.14  show  the 
expected  behavior  of  a  device  with  10  small  pistons.  Note:  The  results  shown  here  were 
computed  for  tsoi  =  8 pm  for  the  large  piston  and  tsoi  =  6/rm  for  the  small  piston.  These 
values  are  closer  to  the  measured  and  expected  thicknesses  of  the  actual  devices  that  will 
be  discussed  in  Chapter  6.  It  was  therefore  decided  to  show  results  that  agree  with  the 
model  predictions  in  Chapter  6,  rather  than  results  based  on  the  design  values  mentioned 
in  Section  2.3.2. 

By  performing  suitable  interpolation,  the  functions  /  and  g,  introduced  in  (2.16),  can  be 
plotted  as  2- variable  functions  in  three  dimensions.  The  results  are  shown  in  Figure  2.15. 
These  functions  will  receive  some  further  attention  in  Chapter  6. 


2.6  Summary 


This  chapter  briefly  addressed  the  relevant  aspects  that  need  to  be  considered  in  order  to 
design  a  flexural  seal  based  hydraulic  amplifier.  For  a  more  detailed  treatment  of  the  design 
considerations  the  reader  is  referred  to  the  works  mentioned  in  Section  2.3.1.  In  addition, 
the  concept  of  the  hydraulic  amplifier  as  a  two-port  coupler  was  introduced.  In  the  linear 
case,  a  2  x  2  stiffness  matrix  can  be  defined  for  this  coupler.  In  the  nonlinear  case,  it 
becomes  two  coupled  nonlinear  functions.  Designing  a  working  hydraulic  amplifier  implies 
that  careful  consideration  should  also  be  given  to  the  method  by  which  it  is  going  to  be 
fabricated.  The  next  chapter  addresses  the  issues  relating  to  the  fabrication  and  assembly 
of  the  MEMS-based  hydraulic  amplifiers  evaluated  in  this  work. 


‘The  relevant  computer  codes  can  be  found  in  Appendix  D 

8D.C.  Roberts  kindly  contributed  the  results  presented  in  this  section. 
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Figure  2.7:  Large  piston  simulation  results  for  an  hydraulic  amplifier  with  one  small  piston. 
tsoi, l  =  8/xm,  tsoi, 2  =  6jwn. 


Figure  2.8:  Small  piston  simulation  results  for  an  hydraulic  amplifier  with  one  small  piston. 
^50/, l  —  8/xm,  tsor,2  =  fyzm. 
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Figure  2.9:  PHAC  as  a  function  of  Pl  for  an  hydraulic  amplifier  with  one  small  piston.  Note 
that  the  slope  of  all  three  lines  is  approximately  equal  to  1,  indicating  that  Pi  ss  PHAC, 
which  proves  that  the  large  piston  essentially  acts  as  a  pressure  transfer  element  for  the 
geometries  designed.  tSOi,i  =  8 fim,  tSoi,2  =  6 pm. 


2.6  Summary  45 


Figure  2.10:  Maximum  stress  in  the  small  piston  membrane  tether  for  an  hydraulic  amplifier 
with  one  small  piston.  tsoi,i  =  8/im,  iso/, 2  =  6/im. 


Figure  2.11:  Large  piston  simulation  results  for  an  hydraulic  amplifier  with  10  small  pistons. 
iso/,i  =  fyxm,  iso/,2  = 
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Figure  2.12:  Small  piston  simulation  results  for  an  hydraulic  amplifier  with  10  small  pistons. 
tsoi, i  =  8/xm,  <507,2  =  6 fim. 
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Figure  2.13:  Phac  as  a  function  of  Pi  for  an  hydraulic  amplifier  with  10  small  pistons.  Note 
again  that  the  slope  of  all  three  lines  is  approximately  equal  to  1,  indicating  that  Pi  «  Phac> 
which  proves  that  the  large  piston  essentially  acts  as  a  pressure  transfer  element  for  the 
geometries  designed,  tsoi, l  =  8/im,  tsoi, 2  =  6 jxm. 
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Figure  2.14:  Maximum  stress  in  the  small  piston  membrane  tether  for  an  hydraulic  amplifier 
with  10  small  pistons.  tsoi,\  =  8/xm,  tsoi, 2  =  6/im. 


Smal  piston  deflection  Large  piston  deflection 


Figure  2.15:  Small  and  large  piston  deflections  as  functions  of  both  P,  and  P2  for  a  device 
with  10  small  pistons.  These  two  graphs  can  be  seen  as  numerical  representations  of  a  and 
/  of  Equation  2.16. 


Chapter  3 

Fabrication  and  device  assembly 


Effective  fabrication  of  a  fluidic-based  power  MEMS  device  is  often  a  complex  task.  In 
many  cases,  where  conventional  micromachining  technology  is  used,  through-wafer  etching 
is  required.  In  addition,  multiple  layers  are  usually  needed  to  create  the  desired  three- 
dimensional  structures  that  would  make  up  a  device  consisting  of  moving  parts,  flow  chan¬ 
nels,  inlet  and  outlet  ports  and  electrical  connections.  In  [22]  an  interesting  example  of  such 
a  multi-faceted  process  is  presented.  This  chapter  will  address  the  fabrication  techniques 
that  were  used  to  produce  the  hydraulic  amplification  devices  evaluated  in  this  work. 


3.1  Fabrication  overview 


In  Chapter  2  the  two  types  of  devices  investigated  in  this  document  were  introduced.  For 
both  devices  shown  in  Figure  2.2,  the  fabrication  process  required  to  produce  a  device  can 
be  divided  into  the  following  major  subtasks: 

•  Silicon  tethered  membrane  fabrication,  using  Silicon-On-Insulator  (SOI)  wafers. 

•  Structural  silicon  layer  fabrication.  Double-side  polished  wafers  are  used  for  this 
purpose. 

•  Glass  layer  fabrication  by  ultrasonic  machining.  The  glass  used  was  Pyrex™ 7740 
by  Corning. 

•  Wafer  scale  fusion  bonding  of  silicon-silicon  wafer  pairs  and  anodic  bonding  of  silicon- 
glass  wafer  pairs. 

•  Die- level  alignment  and  anodic  bonding  to  complete  the  assembly. 

In  the  case  of  the  piezoelectrically  driven  device,  a  piezoelectric  element  has  to  be  integrated 
during  the  final  bond  step.  For  more  information,  the  reader  is  referred  to  [19]  and  to  [29]. 


50  3  Fabrication  and  device  assembly 


Start  with  SOI  substrate.  After  first  deep  etch  and  dean. 

Ready  for  second  deep  etch. 


After  oxidation.  Align  marks 
defined. 


After  second  deep  etch,  fillet 
trimming  and  deaning.  Ready  for 
oxide  strip  and  bonding. 


Silicon 


Oxide 


Figure  3.1.  Selected  steps  of  the  process  required  to  produce  a  tethered  silicon  membrane 
structure. 

3.2  Process  flow  for  creating  silicon  membrane  structures 


Figure  3.1  depicts  the  process  used  to  produce  the  silicon  membrane  structures  used  in  the 
devices  characterized  in  this  work1 2 3 4 5 6.  A  scanning  electron  micrograph  of  such  a  structure 
is  shown  in  Figure  3.2.  The  process  flow  for  creating  a  structure  like  this  from  an  SOI 
substrate  can  be  summarized  in  the  following  steps  [30]: 


1.  Start  with  a  Silicon  on  Insulator  (SOI)  wafer,  double  side  polished.  Device  layer 
thicknesses  of  7/im  to  10 fim  were  used.  The  wafer  thicknesses  ranged  from  300  to 
400/zm. 

2.  Grow  first  layer  of  protective  thermal  oxide  at  1100°Cr,  0.6/jm  thick. 

3.  Pattern  align  marks  on  both  sides,  using  OCG825  standard  thin  photoresist.  Etch  in 
7:1  Buffered  Oxide  Etch  (BOE). 

4.  Etch  align  marks  in  Silicon  using  reactive  ion  etching  (RIE).. 

5.  Grow  second  layer  of  protective  thermal  oxide  at  llOO0*?,  to  a  total  thickness  of  1.7/im. 

6.  Pattern  oxide  using  BOE,  to  define  the  nested  mask 


IFor  corresponding  mask  sets,  the  reader  is  referred  to  Appendix  E 
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Courtesy  of  K.T.  Turner.  Created  from  two  seperate  images. 


Figure  3.2:  Scanning  Electron  Micrograph  (SEM)  of  a  prototype  large  piston.  This  piston 
was  cut  in  half  for  illustrative  purposes.  Also  note  that  this  piston  was  fabricated  using  a 
single  deep  etch.  No  stepped  features  are  visible  on  the  sidewalls. 

7.  Recoat  with  photoresist,  using  Clariant  AZ4620  thick  photoresist.  A  thickness  of  ap¬ 
proximately  10 \im  after  baking  is  desired.  Define  the  first  Deep  Reactive  Ion  Etching 
(DRIE)  etch  mask.  Mount  the  wafer  on  a  handle  substrate  using  AZ4620  photoresist. 

8.  Perform  the  first  deep  etch  using  an  STS  ICP  DRIE  tool  2  to  approximately  20 fim 
away  from  the  buried  oxide.  Dismount  wafer  in  acetone  and  strip  photoresist  using 
a  process  consisting  of  burning  the  organic  materials  in  an  oxygen  plasma  ("ashing”) 
and  performing  a  chemical  cleaning  step,  using  a  mixture  of  3  parts  H2SO±  added  to 
1  part  of  H2O2  ("Piranha  cleaning”). 

9.  Remount  wafer  on  handle  substrate  and  perform  the  final  etch. 

10.  Dismount  in  acetone,  and  clean  using  again  ashing  and  piranha.  Just  prior  to  fusion 
bonding,  the  oxide  would  be  stripped  with  BOE  and  an  RCA  cleaning  step  would  be 
performed. 


The  procedure  described  above  will  allow  the  fabrication  of  a  basic  tethered  silicon  mem¬ 
brane  structure.  It  has  been  found  that  some  amount  of  exposed  silicon  outside  of  the 
etched  membrane  features,  as  provided  by  the  nested  mask  process,  tends  to  simplify  the 
fillet  radius  control  procedure  somewhat.  This  procedure  is  described  in  Section  3.2.1. 

Additional  features,  e.g.  flow  channels,  can  be  defined  in  the  nested  mask  and  the  nested 
mask  etch  depth  can  be  tailored  (within  the  bounds  of  the  wafer’s  structure)  to  suit  the 
requirements  of  the  features  needed.  Figure  3.3  shows  two  examples  of  what  can  be  achieved 


2 Please  refer  to  Appendix  B  for  non-standard  fabrication  tools  used. 
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.  Through  hole 

.  Fluid  charnel 
Through  hole 

SOI  membrane 
Rough  sidewall, 
photoresist  mask 

Smooth  sidewall, 
nested  mask 

•  Fillet  feature 


Figure  3.3:  SEM  images  of  typical  channel  structures  that  can  be  realized  with  a  nested 
mask  process,  (a)  depicts  a  checkvalve,  as  was  used  in  the  pump  described  in  [15].  (b)  shows 
a  ten-valve  manifold  of  the  MHT  device  shown  in  Figure  1.1.  This  manifold  has  undergone 
its  first  deep  etch,  and  is  ready  for  the  nested  mask  etch.  Numerous  shallow  etches  can  be 
used,  as  is  shown  here,  to  define  additional  shallow  features. 


using  the  nested  mask  process.  Note  that  in  addition  to  the  two  deep  etches  allowed  by  the 
nested  mask  process,  additional  shallow  features  can  be  added.  The  depth  of  these  shallow 
features  is  limited  by  the  lithographic  process.  In  this  work  it  has  been  found  that  features 
deeper  than  approximately  20 /im  (and  of  in-plane  dimensions  greater  than  /v  500 fim)  will 
not  be  well  suited  to  an  additional  lithography  step  involving  the  spin-casting  of  photoresist 
and  subsequent  exposure.  Another  interesting  observation  is  that  the  nested  mask,  a  hard 
Si02  mask,  will  generally  provide  a  smoother  sidewall  than  the  initial  photoresist  mask. 
This  can  be  attributed  to  a  phenomenon  sometimes  referred  to  as  ” micromask ing”\  where 
photoresist  is  removed  from  the  top  of  the  substrate  by  the  DRIE  process,  and  subsequently 
redeposited  on  the  trench  walls,  leading  to  sidewall  roughness. 


3.2.1  Membrane  fillet  radius  control 

An  aspect  not  addressed  until  now  has  been  the  nature  of  the  fillet  feature  (See  Figures 
3.4  and  3.5)  at  the  bottom  of  the  etched  trench  after  the  final  DRIE  etch  described  above. 
It  has  been  shown  [29]  that  a  proper  fillet  feature  is  critical  when  high  strength  membrane 
tethers  are  desired,  as  is  the  case  for  the  MHT  device.  Attaining  a  good  fillet  feature  can 
be  a  daunting  task,  primarily  due  to  a  combination  of  the  following  two  effects: 


Figure  3.4:  Idealized  fillet  feature  at  the  bottom  of  the  etched  trench. 


(a)  Good  Bad  fillet,  (b) 

fillet  undercut 


Courtesy  of  K.  T.  Turner. 

Figure  3.5:  Two  possible  outcomes  after  etching  an  SOI  membrane  using  DRIE:  (a)  Good 
fillet  feature  obtained  by  proper  timing  of  the  deep  etch  and  (b)  an  undercut  fillet  fea¬ 
ture.  Undercut  will  cause  a  stress  concentration,  significantly  reducing  the  strength  of  the 
structure. 
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•  Nonuniformity  in  the  DRIE  etching  using  current  DRIE  technologies. 

•  The  natural  tendency  of  the  DRIE  process  to  undercut  and  produce  a  "footing” 
feature,  rather  than  the  desired  fillet  feature,  when  the  buried  oxide  etch  stop  is 
reached  as  is  shown  in  Figure  3.5.  (For  an  explanation  of  this  phenomenon,  see,  for 
example,  [31].) 

In  this  work,  the  membranes  were  fabricated  using  an  iterative  process  involving  multiple 
etching  and  inspection  steps  for  the  width  of  these  membranes.  The  membrane  widths  were 
estimated  during  processing  using  a  microscope  with  a  calibrated  reticle.  Membrane  width 
was  found  to  be  the  preferred  parameter  for  fillet  radius  quality  control,  rather  than  the 
fillet  width  itself,  due  to  difficulties  associated  with  properly  estimating  the  endpoint  of  the 
fillet. 

Should,  upon  inspection,  it  be  found  that  a  particular  membrane  was  properly  etched,  this 
membrane  would  then  be  covered  with  OCG825  photoresist  using  a  bent  wire  to  deposit 
a  droplet  of  photoresist  on  the  feature.  The  photoresist  would  then  be  baked  for  approxi¬ 
mately  5  minutes,  after  which  a  second  coating  of  photoresist  would  be  applied,  and  another 
baking  step  for  approximately  10  minutes  would  follow.  Afterwards,  the  wafer  would  be 
returned  to  the  DRIE  tool  for  further  etching. 

This  procedure  would  be  repeated  until  all  the  membranes  have  been  fully  etched.  After 
this  step,  the  wafer  would  be  prepared  for  fusion  bonding. 

It  has  also  been  shown  that  surface  roughness  can  have  a  significant  effect  on  the  effective 
fracture  strength  of  silicon,  due  to  the  fact  that  it  is  a  brittle  material  with  no  plastic 
deformation  at  room  temperature  [32],  On  the  large  piston  tether  membranes,  the  decision 
was  made  to  switch  to  an  isotropic  etch  recipe  in  the  DRIE  process  in  an  attempt  to  further 
improve  the  surface  finish  of  the  fillet  features.  Tolerance  constraints  did  not  allow  this 
procedure  to  be  performed  on  the  small  piston  membrane  tethers. 


3.3  Silicon  fusion  bonding  techniques 


Silicon  fusion  bonding  is  the  process  by  which  two  silicon  substrates  having  surfaces  with 
roughness  no  greater  than  10A  and  minimal  bow  are  brought  into  intimate  contact.  Van 
der  Waals  forces  keep  the  wafers  in  contact.  Subsequent  annealing  at  temperatures  above 
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1000o(7  will  result  in  a  bond  strength  approaching  that  of  single  crystal  silicon  [33].  For 
successful  fusion  bonding,  substrate  surface  finish  and  cleanliness  is  of  the  utmost  impor¬ 
tance. 

The  devices  evaluated  in  this  work  required  two  seperate  wafer-scale  silicon-silicon  fusion 
bonding  steps  to  be  performed: 

•  Bond  Layers  4  and  5  to  form  a  double-tethered  piston  structure.  (For  the  layer 
numbers,  see  Figure  2.2) 

•  Bond  Layer  7,  the  membrane  layer,  to  Layer  8,  the  fluid  channel  layer  that  provides  a 
pressurization  path  to  the  top  of  the  membranes,  and  also  forms  a  proper  ’’clamped” 
boundary  condition  for  the  membrane  tether. 

The  bond  between  Layers  4  and  5  proved  to  be  challenging,  due  to  the  very  compliant  nature 
of  the  wafers  being  bonded.  Figure  3.6  illustrates  the  large  amount  of  material  removed 
from  these  wafers  during  processing.  To  prevent  these  wafers  from  becoming  stuck  during 
alignment  prior  to  bonding,  it  was  necessary  to  increase  the  seperation  of  the  wafers  from 
the  75^m  normally  used  to  approximately  150 ^m.  All  silicon  fusion  bonds  were  performed 
using  an  Electronic  Visions  EV450  aligner  and  AB1-PV  bonder. 

3.4  Anodic  bonding  techniques  and  die-level  assembly 

3.4.1  Wafer-scale  anodic  bonding 

Due  to  electrical  constraints  in  the  full  MHT  device,  it  was  required  that  the  three  large 
pistons  of  this  device,  as  well  as  their  lower  electrodes,  be  fully  electrically  insulated  from 
each  other.  The  insulation  was  accomplished  by  etching  a  Y-shaped  trench  in  each  die. 
This  enabled  the  three  pistons  to  be  insulated  after  die-sawing  [30].  See  Figure  3.6  and  also 
Figure  1.3. 

This  feature  required  that  Layers  4  and  5  in  Figure  2.2  be  anodically  bonded  to  Layer  6  on 
the  wafer  scale  prior  to  dicing.  For  the  same  reason,  Layers  1  and  2  had  to  be  bonded  on 
the  wafer  scale  for  the  piezoelectrically  driven  devices.  In  this  particular  case,  it  was  crucial 
to  ensure  a  proper  surface  finish  on  the  glass  after  bonding  to  allow  subsequent  bonds  to 
be  performed  in  order  to  create  a  multi-layered  sandwich  structure. 
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Figure  3.6:  Deep  etch  mask  for  Layer  4.  Note  the  Y-shaped  trenches  on  each  die.  Re¬ 
moving  large  amounts  of  material  may  result  in  excessive  wafer  bow  and  problems  with 
pre-alignment  stiction-. 


Figure  3.7  illustrates  the  basic  principle  of  anodic  bonding.  An  anodic  bond  between  silicon 
and  a  suitable  glass  (for  example,  Pyrex™  7740)  is  formed  by  placing  a  smooth  silicon 
surface  in  contact  with  a  smooth  glass  surface.  Thereafter,  this  silicon-glass  stack  is  heated 
to  mobilize  the  ions  in  the  glass.  An  electric  field  is  then  applied  across  the  glass  by 
contacting  the  silicon  and  glass  layers.  This  field  acts  to  draw  sodium  ions  away  from  the 
bond  interface,  leaving  behind  oxygen  ions  which  then  bond  to  the  silicon,  forming  Si02 
[33].  The  applied  field  also  has  the  effect  of  causing  an  electrostatic  attraction  between  the 
silicon  and  glass  layers,  ensuring  intimate  contact.  Note  that  this  field  effectively  acts  only 
across  the  depletion  zone  shown  in  Figure  3.7,  and  the  attraction  is  therefore  quite  strong. 

From  Figure  3.7  it  should  be  clear  to  the  reader  that  the  sodium  ions  migrating  away  from 
the  bond  interface  will  eventually  manifest  themselves  as  a  sodium  compound  ( NaOH ) 
on  the  glass  surface  [34].  This  accumulation  of  sodium  is  generally  associated  with  surface 
damage.  To  minimize  this  damage,  it  was  found  to  be  necessary  to  create  a  uniform  smooth 
and  flat  graphite  electrode  as  a  contact  to  the  glass  layer.  It  was  found  that  any  surface 
irregularities  in  the  electrode  would  exacerbate  the  accumulation  of  sodium  compounds  in 
the  regions  of  those  irregularities. 
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Figure  3.7:  The  basic  principle  of  anodic  bonding. 


When  assembling  multi-layer  Si-glass  sandwich  structures,  it  is  also  important  to  bear  in 
mind  that  the  bond  time  should  be  long  enough  to  ensure  a  complete  bond,  but  no  longer. 
Any  additional  time  after  the  bond  is  complete  will  once  again  only  tend  to  exacerbate  the 
accumulation  of  unwanted  sodium  on  the  electrode  side  of  the  glass.  In  addition,  when 
performing  the  second  anodic  bond,  it  is  possible  to  use  the  first  bonded  silicon  layer  as  the 
glass  contact  for  this  bond.  In  this  case,  particular  care  should  be  taken  not  to  overbond, 
as  one  will  run  the  risk  of  forming  precipitates  in  the  glass,  observed  as  brown  speckles.  A 
further  discussion  of  this  phenomenon  is  found  in  [35].  With  all  anodic  bonding  performed 
for  the  hydraulic  amplification  devices,  it  was  found  to  be  very  useful  to  monitor  the  bond 
current  during  the  bond.  Usually,  the  bond  was  assumed  to  be  complete  when  the  current 
had  fallen  to  approximately  1/8  of  its  initial  value. 

In  all  anodic  bonding  performed,  both  on  the  wafer  level  and  the  die  level,  a  voltage  of 
lOOOV  was  used,  at  a  temperature  of  300oC.  The  bond  time  depended  on  the  thickness 
of  the  glass  layer  which  ultimately  determined  both  the  field  strength  and  the  amount  of 
sodium  that  had  to  be  transported.  In  all  cases,  the  1/4  value  criterium  was  used.  All 
bonds  were  performed  at  atmospheric  pressure,  except  for  the  final  die-level  bond  on  the 
piezoelectrically  driven  devices.  This  bond  had  to  be  performed  in  a  reducing  atmosphere 

[29]. 
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Figure  3.8:  Anodic  bonding  jig. 


3.4.2  Die-level  assembly 

To  complete  the  assembly  of  an  hydraulic  amplification  device,  it  was  required  to  anodically 
bond,  on  the  die  level,  the  following  sets  of  layers  (See,  again,  Figure  2.2): 


•  Layers  1  and  2,  wafer  scale  bonded  anodically. 

•  Layer  3  -  a  seperate  glass  layer. 

•  Layers  4,  5  and  6,  fusion  bonded  and  anodically  bonded  on  the  wafer  scale. 

•  Layers  7  and  8,  fusion  bonded  on  the  wafer  scale. 

•  Layer  9  -  another  seperate  glass  layer. 


To  facilitate  alignment  on  the  die- level,  an  alignment  jig,  shown  in  Figure  3.8  was  built. 
(See  Appendix  C  for  the  detail  design  of  this  jig.)  This  jig  relies  on  2D  kinematic  alignment 
of  dies,  and  requires  that  all  dies  be  the  same  size.  This  feat  is  accomplished  by  ensuring 
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Reactions  from 
pins  kinematically 
constrain  3  DOFs 


Figure  3.9:  Three-point  alignment  as  used  in  the  anodic  bonding  jig.  The  three  pins  were 
made  from  glass-mica  machineable  ceramic. 


that  all  dies  are  cut  with  the  same  blade  during  the  dicing  operation.  The  jig  has  three  pins 
that  allow  the  dies  to  be  pushed  into  an  alignment  corner,  as  shown  in  Figure  3.9.  This 
ensures  that  the  three  degrees  of  freedom  are  constrained.  Figure  3.10  shows  the  jig  with  a 
device  that  is  being  bonded.  The  clamping,  contacts  and  alignment  pins  are  all  visible. 

The  following  bond  sequence  was  used  in  the  assembly: 


1.  Bond  the  Layer  1-2  pair  to  Layer  3. 

2.  Bond  Layer  9  to  the  layer  7-8  pair. 

3.  Bond  the  stack  of  Layers  4-5-6  to  Layers  7-8-9 

4.  Finally,  bond  the  lower  part  of  the  device,  Layers  1-2-3,  to  the  upper  part,  Layers 
4-S-6-7-8-9. 

In  the  case  of  the  piezoelectrically  driven  hydraulic  amplifiers,  the  final  anodic  bond  was 
performed  together  with  a  solder  bond  to  attach  the  piezoelectric  element  to  the  large  piston 
of  the  hydraulic  amplifier.  This  procedure  is  described  in  detail  in  [19]  and  [29]. 


Figure  3.11  shows  a  fully  assembled  hydraulic  amplifier. 
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Figure  3.10:  Close-up  of  the  anodic  bonding  jig,  with  a  device  being  bonded.  Note  the 
alignment  by  alignment  pins,  the  wire  contacts,  the  clamping  method  and  the  insulation. 


Figure  3.11:  Assembled  static  hydraulic  amplification  device  with  ten  small  pistons  and  one 
large  one.  Each  such  stack  contains  two  independent  hydraulic  amplification  devices,  (a) 
Shows  a  top  view,  with  the  two  sets  of  ten  small  pistons,  and  (b)  a  bottom  view,  with  the 
two  large  pistons.  Note  the  third  piston,  which  is  not  used  for  this  device,  but  only  for  the 
full  MHT  device  mentioned  in  Chapter  1. 
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3.5  Summary 


In  this  chapter  we  looked  at  a  typical  process  flow  for  producing  a  multi-layered  silicon- 
glass  bulk  micromachined  hydraulic  amplification  device.  To  build  a  device  such  as  shown 
in  Figure  3.11,  it  was  neccessary  to  develop,  in  addition  to  what  can  be  considered  a 
”  conventional”  DRIE-based  process  flow,  techniques  for: 

•  Controlling  the  fillet  radii  of  deep  etched  trenches  in  SOI  wafers  and 

•  Wafer-level  and  die- level  aligned  anodic  bonding  to  create  silicon-glass  sandwich  struc¬ 
tures. 

After  assembly,  the  hydraulic  amplification  device  is  still  in  a  particulate-free  condition.  The 
next  step,  before  operating  the  device,  involves  filling  and  sealing  of  hydraulic  amplification 
chamber.  These  procedures  are  described  in  Chaper  4. 
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Chapter  4 

Filling  and  sealing  techniques 


In  Chapter  2  it  was  shown  that,  for  effective  hydraulic  amplification,  compliance  of  the 
system  needs  to  be  minimized.  Hence,  reliable  filling  and  sealing  techniques  were  required 
to  ensure  the  stiffest  hydraulic  amplification  chamber  possible.  This  chapter  describes  filling 
techniques  initially  developed  by  Boston  MicroSystems  [36],  and  further  refined  for  the 
particular  devices  tested  here.  It  also  addresses  the  sealing  techniques  that  were  developed 
to  properly  seal  the  hydraulic  amplification  chambers  for  either  static  or  dynamic  sealing 
purposes. 

4.1  Filling  techniques 

4.1.1  Fluid  requirements 

For  the  full  MHT  device,  the  working  fluid  had  to  satisfy  the  following  requirements  [36]: 


•  Low  viscosity,  for  minimal  viscous  losses. 

•  High  bulk  modulus,  for  minimal  compliance. 

•  Should  wet  silicon  surfaces  well,  to  ease  filling  of  small  cavities. 

•  Should  be  dielectric,  due  to  the  high  voltage  operation  of  the  device. 


Based  on  these  requirements  a  volatile  silicone  oil,  Hexamethyldisiloxane  (Produced  by  Dow 
Corning  under  the  trade  name  DC200  0.65cst),  was  chosen  as  the  system  fluid.  This  was 
also  the  fluid  used  in  all  hydraulic  amplifiers  tested  in  this  document.  This  is  based  on  the 
assumption  that  the  filling  procedure  used  to  fill  the  HAC’s  would  also  be  used  to  fill  the 
device  itself  at  the  same  time,  requiring  that  the  fluid  in  the  HAC  be  the  same  as  the  fluid 
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Figure  4.1:  Bulk  modulus  vs.  fluid  pressure  for  a  selection  of  volatile  silicone  oils,  adapted 
from  data  as  supplied  by  Dow  Corning  [37].  Note  that  the  amount  of  outgassing  performed 
on  these  fluids  is  unknown. 

in  the  device.  In  other  applications,  or  using  different  filling  techniques,  this  requirement 
of  using  one  type  of  oil  for  the  whole  MHT  system  could  probably  be  relaxed. 

The  properties  of  various  silicone  oils  indicate  that  there  is  a  tradeoff  between  viscosity  and 
bulk  modulus.  This  is  also  shown  in  Figure  4.1.  In  the  case  where  it  is  possible  to  use  a 
different  fluid  in  the  HAC,  it  might  pay  off  to  investigate  slightly  more  viscous  fluids  with 
higher  bulk  moduli.  Note,  however,  that  filling  of  the  HAC,  as  described  in  the  previous 
section,  relies  on  the  working  fluid  also  possessing  a  high  vapor  pressure.  This  requirement 
eliminates  most  of  the  high  viscosity  oils.  (See  Figure  4.2) 

4.1.2  Filling  process 

To  ensure  bubble-free  filling  of  the  HAC,  a  filling  system  and  associated  filling  process  was 
developed.  Figure  4.3  shows  a  schematic  of  the  apparatus  and  Figure  4.4  is  a  photograph 
of  the  same  apparatus. 

To  fill  and  seal  an  HAC,  the  following  process  was  developed: 

1.  Set  the  initial  condition  of  the  system:  All  valves  closed. 

2.  Open  Tank  B,  and  place  the  device  test  jig  (Discussed  in  Chapter  5),  as  well  as  the 
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Figure  4.2:  Vapor  lines  for  a  selection  of  linear  siloxanes,  adapted  from  [38].  The  graphs 
show  the  vapor  lines  for  Hexamethyldisiloxane  (MM) ,  Octamethyltrisiloxane  (MDM), 
Decamethyltetrasiloxane  (MD2M),  Dodecamethylpentasiloxane  (MD3M)  and  Tetrade- 
camethylhexasiloxane  (MD4M).  Dow  Corning  DC200  0.65cst  consists  of  MM  and  trace 
impurities.  The  other  viscosities  may  contain  blends  of  the  compounds  mentioned  above. 


Figure  4.3:  Schematic  representation  of  the  filling  system 
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Figure  4.4:  The  fluid  filling  system.  The  cold  traps  are  not  shown  in  this  photograph. 


device,  inside.  Do  not  mount  the  device  in  the  jig  yet.  This  will  be  done  after  filling. 
Also  do  not  install  any  o-rings  in  the  jig.  They  are  installed  after  filling.  Close  Iknk 
B. 

3.  Start  vacuum  pump  VP1. 

4.  When  sufficient  vacuum  has  been  attained  in  the  cold  traps,  CT1  and  CT2,  fill  CT1 
and  CT2  with  liquid  nitrogen.  Open  ball  valves  V5  and  VI. 

5.  Substep  if  Tank  A  is  not  already  filled  with  silicone  oil:  Connect  silicone  oil  reservoir 
(not  shown)  to  Tank  A  via  V6.  FT1  will  filter  the  inlet  stream.  Open  V6  and  V2.  This 
will  draw  the  silicone  oil  into  Tank  A,  and  simultaneously  outgas  the  oil.  Dissolved 
gases  tend  to  reduce  the  effective  bulk  modulus  of  the  oil,  an  undesired  effect.  After 
Tank  A  is  filled,  Close  V6  and  V2.  Disconnect  silicone  oil  reservoir  and  vent  Tank  A 
to  atmosphere  through  V6. 

6.  Open  V3.  Evacuate  Tank  B  to  5 mmHg  or  less. 

7.  Vapor  purging  step:  Slowly  open  V4  and  allow  a  small  amount  of  silicone  oil  to  flow 
into  Tank  B.  In  this  case,  a  fluid  level  of  approximately  10mm  was  used  in  Tank  B. 
Close  V4. 

8.  Continue  pumping  on  Tank  B  for  approximately  90  minutes.  All  of  the  oil  in  Tank  B 
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should  have  evaporated,  and  would  have  been  caught  in  CT1.  Ensure  that  Tank  B  is 
at  a  pressure  of  5 mmHg  or  less. 

9.  Filling:  Close  V3.  Slowly  open  V4  and  allow  the  fluid  to  submerge  the  jig  and  the 
device.  Close  V4  when  the  contents  of  Tank  B  are  submerged. 

10.  Pressurising:  Open  V7  and  needle  valve  NV1.  Adjust  the  regulator,  APR1,  to  pro¬ 
vide  an  absolute  pressure  of  1.5 atm.  This  will  ensure  that  the  pressure  in  the  HAC 
asymptotes  to  a  slightly  higher  pressure  than  atmosphere. 

11.  Reduce  the  pressure  in  Tank  B  to  1  atm  absolute  pressure,  and  open  Thnk  B. 

12.  With  the  device  and  the  jig  still  submerged,  insert  the  o-ring  seals  into  the  jig,  mount 
the  device  and  clamp  to  seal. 


4.1.3  Initial  tests 

In  this  work  it  was  neccessary  to  fill  a  dead  volume  of  approximately  8.3 nl  through  a  channel 
of  dimensions  10 fim  x  10 fim  x  1mm.  The  motivation  for  this  channel  will  be  discussed  in 
Section  4.2.2.  The  nature  of  the  design  of  the  hydraulic  amplification  devices  prevented  any 
visual  inspection  of  the  HAC  for  bubbles  after  filling.  It  was  therefore  essential  to  verify  the 
filling  procedure  described  in  Section  4.1.2,  and  to  ensure  that  it  was  very  robust.  To  this 
end,  a  set  of  experimental  devices  was  fabricated  in  such  a  manner  that  the  filling  procedure 
could  be  seen  through  a  suitable  glass  window.  A  device  consisting  of  a  glass-silicon-glass 
sandwich  structure  was  fabricated  using  DRIE  and  a  simple  two  step  lithography  process. 
A  completed  filling  test  chip  is  shown  in  Figure  4.5.  Assembly  was  performed  on  the  die 
level,  using  simultaneous  anodic  bonding  of  the  top  and  bottom  glass  layers.  In  this  case, 
conventional  machining,  using  diamond  tools,  was  used  to  drill  holes  in  the  top  glass  layer. 

Using  the  procedure  as  described  above,  and  visually  monitoring  the  filling  of  each  chamber 
using  a  microscope,  it  was  verified  that  bubble-free  filling  could  be  obtained.  The  filling 
time  after  initiating  the  pressurization  step  was  found  to  be  approximately  7  minutes.  After 
this  time,  no  visible  bubbles  were  detected.  Two  of  these  devices  were  assembled,  giving  a 
total  of  four  chambers  to  be  filled.  Both  chips  were  filled  successfully  on  the  first  attempts 
to  fill  them.  These  results  provided  the  needed  confidence  to  fill  and  test  the  full  hydraulic 
amplification  devices. 
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Figure  4.5:  (a)  Experimental  filling  test  chip  with  two  10 pm  x  10pm  x  1mm  channels  and 
matching  dead  volumes,  (b)  Detail  of  the  filling  channel.  The  dead  volume  had  to  be 
evacuated  through  this  channel  prior  to  filling. 


4.2  Sealing  concepts 


Sealing  of  an  hydraulic  amplifier  can  be  challenging.  As  discussed  in  Chapter  2,  one  would 
like  to  maximize  the  stiffness  of  the  hydraulic  coupler.  This  also  means  that  any  imposed 
volume  change,  as  might  be  introduced  by  a  seal  pressing  against  an  opening  and  sub¬ 
sequently  bulging  could  introduce  a  large  pressure  increase  in  the  hydraulic  amplification 
chamber.  (See  Figure  4.6a  ).  This  led  to  the  development  of  two  sealing  strategies  for  the 
two  different  types  of  tests  performed  on  the  hydraulic  amplifiers  evaluated  in  this  work. 
The  first  type  is  a  traditional  static  seal,  as  described  above,  and  the  second  type,  for  high 
frequency  hydraulic  amplifiers,  is  a  dynamic  seal  relying  on  a  flow  restriction. 


4.2.1  Static  sealing 

For  static  sealing  of  the  hydraulic  amplifiers  a  seal  consisting  of  a  teflon  sheet,  125pm  thick, 
backed  by  a  brass  plate  and  preloaded  with  an  o-ring  was  used,  as  illustrated  in  Figure  4.6b. 
This  method  enabled  reliable  sealing  of  the  hydraulic  amplifiers  while  giving  minimal  seal 
compression  and  volume  change  in  the  HAC,  even  with  a  sealing  hole  diameter  in  the  glass 
layer  of  800pm.  Should  seal  compression  be  of  greater  concern,  the  sealing  hole  diameter 
can  be  further  reduced  by  micromachining  the  inlet  port  to  the  HAC  [30]. 
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Figure  4.6:  Static  sealing  of  the  hydraulic  amplifier:  a)  The  basic  concept  of  a  elastomeric 
or  plastic  seal.  Seal  compression  could  introduce  large  pressure  changes  in  the  HAC.  b) 
Using  a  PTFE  film  for  sealing,  with  a  load  spreader  and  a  preloading  element. 


4.2.2  Dynamic  sealing 


If  the  hydraulic  amplifier  is  to  be  operated  only  at  high  frequencies,  another  sealing  tech¬ 
nique  can  be  used.  By  providing  a  suitable  flow  restriction  on  the  inlet  port  to  the  HAC, 
it  can  be  shown  that  high  frequency  pressure  fluctuations  generated  by  the  large  piston 
inside  the  HAC  will  not  be  transmitted  to  the  outside.  This  restriction  will  have  the  effect 
of  a  low  pass  filter,  allowing  low  frequency  pressure  variations  to  enter  and  leave  the  HAC. 
Using  this  sealing  technique,  the  concerns  related  to  seal  compression  are  eliminated  and  it 
becomes  easier  to  control  the  static  pressure  in  the  HAC.  These  benefits  come  at  the  cost 
of  an  external  pressurization  system  that  must  be  added  to  the  device.  For  experimental 
purposes,  this  was  not  a  concern.  Figure  4.7  illustrates  the  basic  principle.  In  addition,  the 
external  pressurization  system  provides  the  benefit  of  setting  a  constant  pressure  bias  in 
the  HAC.  This  in  turn  allows  for  balancing  of  the  steady-state  pressure  on  the  small  piston, 
and  can  also  be  used  to  control  the  static  position  of  the  small  piston,  should  an  offset  be 
desired  as,  for  example,  in  the  case  of  a  valve  [19].  Furthermore,  placing  a  bias  pressure 
on  the  HAC  reduces  the  likely  hood  of  cavitation  that  could  be  induced  by  high  frequency 
operation  of  the  large  piston. 

A  simple  way  to  design  this  type  of  seal  is  to  assume  it  to  be  a  channel  of  suitable  dimensions, 
containing  a  fluid  slug.  (See  Figure  4.8.)  By  selecting  the  appropriate  boundary  conditions 
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Figure  4.7:  Schematic  of  the  high  resistance  fluid  channel  between  the  HAC  and  an  external 
bias  pressure  regulator.  This  channel  was  etched  into  the  underside  of  Layer  7. 


for  the  fluid  slug  in  the  channel,  and  by  estimating  the  losses  in  the  channel  using  Hagen- 
Poiseuille  flow,  one  can  predict  the  cutoff  frequency  of  such  a  channel.  As  discussed  in  [19], 
such  a  channel  was  designed  using  the  following  equation  of  motion,  as  given  by  Roberts, 
as  a  starting  point: 


\  A?  /  anne  losing  +  KHAC&Vsiug  =  APslug 

channel / 


(4.1) 


A  channel  of  dimensions  10/im  x  10/xm  x  1mm  was  designed.  Letting  =  1mm, 

D channel  =  11.3 /im,  Khac  =  1.0 e17Pa/m3,  p fluid.  =  760 kg/m3,  and  fifiuu  =  6.5e~4l kg/(ms) 
gives  a  frequency  of  48 Hz  for  which  AV,iug  is  1%  of  the  large  piston  volume  change.  For  a 
further  treatment  of  this  subject,  the  reader  is  referred  to  [19]. 

Test  results,  as  shown  in  Figure  4.9  clearly  indicate  the  effectiveness  of  this  channel.  A 
lower  cutoff  frequency  of  approximately  0.1  Hz  was  observed.  This  frequency  is  even  less 
than  the  design  cutoff  frequency.  It  is  also  significantly  less  than  the  design  frequency  for 
the  hydraulic  amplifier,  of  between  1  and  15 kHz.  This  ensures  that  the  full  pressure  swing 
created  by  the  piezoelectric  actuators  acting  on  the  large  piston  is  transferred  to  the  smaller 
piston.  The  results  shown  in  Figure  4.9  were  obtained  with  AV  Device  1  that  is  discussed  in 
Chapter  6.  For  information  on  the  experimental  equipment  required  to  obtain  the  results 
in  Figure  4.9,  the  reader  is  referred  to  Chapter  5. 
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^»lug 


Wh@r6  ^channel  B  ^®ch*niiel  )  /  ^ 
where  M*lug  =  P -^channel  ^channel 
where  AV,lug  -  Z.lug  Achannel 


Courtesy  of  D.C.  Roberts. 


Figure  4.8:  Model  of  the  high  resistance  fluid  channel  between  the  HAC  and  an  external 
bias  pressure  regulator.  A  fluid  slug  within  the  channel  is  modeled.  This  slug  is  acted  upon 
by  an  external  stiffness  associated  with  the  HAC  chamber  stiffness.  Additionally,  the  flow 
resistance  of  this  slug  through  the  channel  is  modeled  using  laminar  Hagen- Poiseuille  flow 
relations. 


Figure  4.9:  Experimental  results  of  tests  performed  on  a  flow  restriction-type  dynamic  seal. 
This  test  was  performed  by  applying  a  sinusoidal  excitation  of  200V^_P  to  the  piezoelectric 
element  of  the  large  piston,  and  measuring  the  displacement  of  the  small  piston  for  the 
frequencies  shown.  Note  the  good  quasi-static  performance  down  to  1Hz. 
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4.3  Summary 


The  bubble-free  filling  and  successful  sealing  of  the  HAC  can  be  seen  as  the  two  most  critical 
steps  in  the  process  of  producing  an  hydraulic  amplifier.  An  improperly  filled  and  sealed 
hydraulic  amplifier  cannot  be  expected  to  function  as  desired,  regardless  of  its  design  or  the 
fabrication  techniques  used.  The  procedures  that  were  developed  in  this  work  have  been 
proven  to  yield  reliable  filling  and  sealing  results,  as  will  be  shown  in  Chapter  6.  Before 
presenting  the  results,  however,  Chapter  5  will  discuss  the  macroscale  systems  and  test  jigs 
required  to  enable  the  instrumentation  and  testing  of  the  hydraulic  amplifiers  evaluated  in 
this  work. 


Chapter  5 

Experimental  techniques 


5.1  Requirements  of  the  experimental  setup 


To  enable  experimental  evaluation  of  the  hydraulic  amplfication  devices  that  had  been  built, 
an  appropriate  test  bench  had  to  be  developed  to  enable  the  measuring  of  all  important 
parameters.  To  evaluate  the  performance  of  an  hydraulic  amplification  unit,  such  a  test 
bench  had  to  satisfy  the  following  requirements: 


•  Enable  fluid  pressure  to  be  applied  to  either  one  of  both  sides  of  the  device.  Also,  to 
accurately  measure  the  relevant  pressures. 

•  Enable  electrical  connection  to  the  device,  in  the  case  of  a  piezoelectrically  driven 
device. 

•  Provide  a  means  for  measuring  out  of  plane  displacement  of  the  tethered  piston  struc¬ 
tures. 

•  Provide,  in  addition,  a  means  for  evacuating  the  device  and  refilling  the  device  with 
fluid.  1 


5.2  System  overview 


To  address  all  the  requirements  mentioned  previously,  a  system  containing  the  following 
five  subsystems  was  built: 


1This  excludes  the  hydraulic  amplification,  chamber  itself.  The  filling  and  sealing  of  this  chamber  was 
dealt  with  in  the  previous  chapter. 
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1.  Device  testing  section,  including  the  device  test  jig  and  the  pressure  measurement  and 
control  module,  for  measuring  steady  pressures. 

2.  Gas  pressure  regulating  module. 

3.  Gas-liquid  pressurization  module,  to  enable  pressurization  of  the  working  fluid. 

4.  Vacuum  module,  to  enable  evacuation  and  filling  of  the  system. 


It  was  found  useful  to  construct  the  system  in  this  modular  fashion.  The  functioning  of  the 
various  modules  will  be  described  in  the  sections  that  follow.  For  all  equipment  used,  the 
reader  is  referred  to  Appendix  B. 


5.3  Device  test  jigs 


The  purpose  of  a  test  jig  is  to  provide  an  interface  between  the  microfabricated  device, 
in  this  case  an  hydraulic  amplifier,  and  the  macroscale  environment  with  which  it  has  to 
interact.  Although  the  test  jig  could  also  be  called  the  ”  packaging”  for  the  device,  as 
described  at  length  in  [39]  and  [31],  a  distinction  is  made  here  between  a  component  to  be 
used  for  testing  the  MEMS  device,  and  a  component  used  to  package  the  device  for  use  in 
commercial  applications. 

Figures  5.1  and  5.2  show  the  test  jig  designed  for  the  static  hydraulic  amplifiers.  The  detail 
design  of  this  jig  is  given  in  Appendix  C.  In  the  design  of  this  test  jig  the  following  aspects 
were  considered: 


•  Provide  reliable  sealing  of  all  fluid  connections  to  the  device.  Accomplished  by  o-rings. 

•  Provide  sufficient,  but  not  excessive,  clamping  force.  Accomplished  by  using  springs 
for  preload. 

•  Expose  as  much  of  the  device  area  as  possible  for  ease  of  laser  displacement  measure¬ 
ment.  This  was  done.  In  addition,  the  jig  was  manufactured  from  aluminum  and 
anodized  black,  to  minimize  reflection. 

•  Ensure  proper  electrical  insulation.  The  device  was  insulated  from  the  jig  with  an 
acetal- type  plastic  insert. 
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Figure  5.1:  Two  views  of  the  test  jig:  Top  view  (a)  and  bottom  view  (b).  Note  the  viewport 
for  laser  displacement  measurement. 

•  Allow  for  measuring  of  dynamic  pressure  fluctuations  near  the  device.  Provision  was 
made  for  the  installation  of  PCB  model  112A22  dynamic  pressure  transducers  on  the 

jig* 

•  Had  to  fit  in  the  fluid  filling  system  discussed  in  Chapter  4. 

5.4  The  fluid  test  bench 


The  remaining  four  modules  mentioned  in  Section  5.2  will  now  be  given  attention.  Figure 
5.3  is  a  schematic  drawing  of  all  the  modules,  each  of  which  will  be  discussed  in  detail. 

5.4.1  Gas  pressure  regulating  module 

Figure  5.4  illustrates  the  layout  of  the  pressure  regulating  module.  This  module  supplies 
regulated  pressure  to  the  test  bench,  and  relies  on  double  regulation,  using  Concoa  Series 
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Figure  5.2:  The  top  clamp  (a)  shows  a  recess  for  the  device,  two  optical  viewports  and 
also  two  fluid  pressurization  ports.  The  device  is  inserted  into  the  main  jig  (b)  and  then 
clamped  with  the  top  clamp. 


402  regulators.  Even  with  double  regulation,  a  certain  amount  of  leak-through  and  drift  can 
still  occur  when  using  process-grade  regulators.  Therefore,  a  continuous  bleed-off  system, 
using  two  sets  of  two  Swagelok  SS-2SS  needle  valves,  NV 1,  NV 2,  NV 4  and  NV 5,  was 
utilized  whenever  exact  pressure  control  was  needed. 


5.4.2  Gas-liquid  pressurization  module 

To  provide  the  capability  of  pressurizing  the  hydraulic  amplifier  with  a  liquid  instead  of  a 
gas,  a  gas-liquid  pressurization  module  was  added  to  the  test  bench.  This  is  schematically 
shown  in  Figure  5.5.  This  module  consists  of  a  stainless  steel  tank,  TK2  -  a  Swagelok 
part  number  304 L  —  HDF4  —  500  500cm3  sample  cylinder  -  pressurized  from  the  top  by 
nitrogen,  and  filled  through  a  filling  tube  with  DC200  0.65cst  silicone  oil.  The  oil  is  drawn 
into  the  vessel  by  vacuum,  outgassing  the  liquid  in  the  same  process.  A  clear  nylon  tube, 
rated  at  625psi  working  pressure,  was  added  on  the  side  of  this  vessel  for  level  visualization. 
Stainless  steel  bellows  valves  (BEV1,BEV3),  Swagelok  part  number  SS-4H,  were  used  for 
gas-liquid  shutoff,  and  stainless  steel  ball  valves  (BV1,BV3,BV5)  -  Swagelok  SS-42S4  - 
were  used  for  all  other  shutoff  purposes.  For  the  most  part,  1/4"  seamless  3041  stainless 
steel  tubing  was  used  in  the  construction  of  this  module. 
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Figure  5.4:  The  gas  pressure  regulating  module. 


Figure  5.5:  The  gas-liquid  pressurization  module. 
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5.4.3  Pressure  measurement  and  control  module 

The  essence  of  the  fluidic  test  bench  for  the  hydraulic  amplifier  is  contained  within  the 
pressure  measurement  and  control  module.  In  Figure  5.6  the  following  components  are  of 
importance: 


•  Two  static  gauge  pressure  transducers  per  pressurization  line.  Sensotec  FP2000  type 
sensors  (500psig,0  -  5VBC,0.1%  accuracy)  (SPS2,  SPS4)  were  used  for  high  press- 
sure  measurements,  and  for  low  pressure  measurements  the  same  type  of  sensors,  but 
with  the  following  specifications:  (100psig,0-5VDCfi.l%  accuracy)  (SPS7,SPS8). 

•  Two  Parker  Series  9  fast  acting  high  pressure  solenoid  valves  (SV1,SV2)  on  one  of 
the  pressurization  lines,  to  allow  for  rapid  pressurization  and  venting  of  the  device 
being  tested.  Controlled  by  a  signal  from  the  data  aquisition  system,  these  valves 
enabled,  to  a  large  extent,  automation  of  the  testing  procedure.  (See  Figure  6.5) 

•  Two  Swagelok  SS-42S4  ball  valves  on  the  other  pressurization  line  {BV\Q,BVll). 
These  valves  perform  the  same  function  as  SF1  and  SV 2,  but  in  a  manual  fashion. 
Using  solenoid  valves  worked  so  well  that  it  is  recommended  that  two  sets  of  solenoid 
valves  be  used  instead,  should  similar  experiments  ever  be  attempted. 

•  Swagelok  SS-4TF-05  0.5/rm  filters  on  both  supply  lines  leading  to  the  device. 

•  As  in  the  case  shown  in  Figure  5.5,  stainless  steel  bellows  valves  (BEV 5  -  BEV 8) 
were  used  for  gas-liquid  shutoff. 


5.4.4  Vacuum  module 


The  vacuum  module,  depicted  schematically  in  Figure  5.7  encompasses  the  vacuum  pump 
(V PI),  cold  trap  (CT1)  and  a  thermocouple  vacuum  gauge  and  meter  (5P56).  All  vacuum 
connections  were  made  using  1/2"  tube,  either  in  stainless  steel  or  polypropylene.  The 
vacuum  module  was  used  to  evacuate  flow  systems  prior  to  filling  with  silicone  oil.  A 
pressure  of  approximately  bmmHg  was  found  to  be  sufficient  for  bubble  free  filling  of  flow 
channels. 
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Figure  5.6:  Pressure  measurement  and  control  module. 


Figure  5.7:  Vacuum  module. 
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5.5  Displacement  measurement 


All  displacement  measurements  were  performed  with  a  Polytec  PI  PSV-300  Scanning  Laser 
Vibrometry  system.  Using  doppler  principles,  this  system  measures  the  velocity  of  a  moving 
target.  By  integration,  displacement  is  obtained.  The  system  was  outfitted  with  a  precision 
displacement  measuring  board  with  a  rated  resolution  of  2nm.  Testing  has  shown  that  the 
actual  resolution  is  dependent  on  the  amount  of  ambient  noise  present,  and  also  on  the 
nature  of  the  surface  being  measured.  The  best  actual  resolution  obtained  for  near-zero 
frequency  displacement  measurements  was  found  to  be  between  10  and  50nm,  depending 
on  the  noise  present  when  the  measurements  were  performed. 

All  of  the  instrumentation  and  hardware  used  to  test  the  hydraulic  amplification  devices 
have  now  been  discussed.  Figures  5.8,  5.9  and  5.10  are  photographs  of  the  testing  system 
that  has,  up  until  now,  only  been  described  schematically. 


5.6  Data  acquisition 


All  data  acquisition  was  performed  using  two  National  Instruments  PCI-6110  boards  in¬ 
stalled  in  a  desktop  computer  with  an  Intel  Pentium  III  700 MHz  processor  and  128MB 
RAM.  The  data  acquisition  system  allowed  the  simultaneous,  synchronized,  measurement 
of  up  to  eight  input  channels,  at  sampling  rates  of  up  to  4 MHz.  In  addition,  it  also  allowed 
for  simultaneous  synchronized  generation  of  four  arbitrary  waveform  outputs  at  frequen¬ 
cies  up  to  25 kHz,  using  data  acquisition  software  as  developed  by  [40]  using  the  National 
Instruments  Lab  View  langauge. 


5.7  Testing  protocols 


Prior  to  testing  the  device,  either  a  static  or  dynamic  hydraulic  amplifier,  it  is  filled  using 
the  procedures  described  in  Chapter  4  and  subsequently  clamped  in  the  test  jig  described 
in  Section  5.3.  For  testing  the  devices,  two  different  testing  procedures  were  followed  for 
the  static  and  dynamic  devices,  and  these  will  be  discussed  briefly. 
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Figure  5.8:  Regulator  bank.  Note  that  this  is  the  regulator  bank  for  the  full  MHT  device. 
Only  two  sets  of  the  four  displayed  are  used.  Note  the  double  regulation  from  a  regulated 
tank  output. 


Figure  5.9:  Photograph  of  the  entire  test  rig.  All 
vibration  isolation  table. 
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Silicone  oil  tanks. 

Vacuum  module. 

1/2”  Tube  for  vacuum  system 

This  system  is  for  flow 
measurement  of  the  full 
MHT  device.  Not  used 
in  this  work. 

Pressure  measurement  and 
control  module. 

•  Connection  to  device  by 
flexible  lines. 


Close-up  attachment. 


■  Scanning  laser  vibrometer. 


Device  test  jig  and  mount, 
held  in  place  by  adjustable 
clamps. 


were  performed  on  an  optical 
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Figure  5.10:  Side  angle  photograph  of  the  test  rig,  with  more  detail  on  the  pressure  mea¬ 
surement  and  control  module. 

5.7.1  Testing  of  static  hydraulic  amplifiers 

The  following  aspects,  not  neccessarily  in  the  order  mentioned,  should  be  considered  during 
the  testing  of  a  static  hydraulic  amplifier: 


•  Decide  whether  the  device  is  going  to  be  tested  in  a  full  liquid  system,  a  gas  system, 
or  a  gas-liquid  system.  For  static  devices,  for  optical  clarity,  it  was  found  desirable 
to  test  in  a  gas-liquid  system.2  In  this  configuration,  TK2  in  Figure  5.5  is  bypassed 
using  BEV3 .3  Note  that  the  device  and  the  test  jig  were  filled  with  liquid,  but  the 
pressurization  lines  were  operated  using  nitrogen.  Concerns  about  water  hammer 
from  operating  SV1,SV2  (Shown  in  Figure  5.6)  were  the  motivation  for  not  using 
a  full  liquid  system  in  this  case.  The  displacement  measurement  obtained  from  the 


2 Meaning  measuring  through  silicone  oil  instead  of  gas.  During  the  filling  process,  the  device  is  filled 
with  oil.  If  this  oil  is  subsequently  removed  from  the  device,  a  residue  often  is  left  behind,  which  hinders 
measurements. 

3The  equivalents  of  TK 2  and  BEV 3  arc  also  used  in  this  manner.  These  are  not  shown  explicitly,  but 
can  be  found  in  Figure  5.3 
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laser  vibrometer  had  to  be  corrected  for  the  different  index  of  refraction  of  the  fluid 
in  all  cases  where  the  measurements  were  performed  on  an  interface  with  silicone  oil 
rather  than  air.  It  can  be  shown  that  dividing  by  the  index  of  refraction  gives  the 
desired  correction. 

•  Set  the  pressures  Pi  and  P2  on  APR2  and  APR3. 

•  Set  the  appropriate  acquisition  rate  in  the  data  acquisition  system,  and  ready  the 
system  for  testing. 

•  Start  by  switching  SV 1  and  SV 2  to  provide  a  pulsing  pressure  for  Pi-  (See,  again, 
Figure  6.5). 

•  Use  BV1 0  and  BV11  to  vary  P2. 

•  In  all  these  tests,  BEV 5  and  BEV 7  are  fully  open,  and  BEV6  and  BEV 8  are  fully 
closed. 


5.7.2  Testing  of  dynamic  hydraulic  amplifiers 

•  Once  again,  decide  whether  to  use  liquid,  gas  or  gas-liquid.  In  this  case,  tests  were 
generally  performed  using  either  a  full  gas  system,  or  a  full  liquid  system. 

•  In  these  tests,  Pi  and  Phac  are  applied.  They  are  not  varied  or  pulsed  as  in  the 
static  case.  Therefore,  it  is  advisible  to  remove  SV  1  and  SV 2  from  the  system  for 
these  tests.  SV  1  and  SV 2  are  normally  closed  valves,  and  although  it  is  possible  to 
apply  a  voltage  to  keep  SV1  open  continuously,  it  is  not  desirable  and  may  damage 
the  valve  coil. 

•  Set  Pi  and  Phac  on  APR2  and  APR3.  In  all  tests  presented  in  this  work  Pi  =  Phac- 
Therefore,  in  this  case,  Pi  and  Phac  were  controlled  from  the  same  regulator,  using 
an  appropriate  tube  to  connect  the  two  ports. 

•  Prepare  the  data  acquisition  system  for  testing. 

•  Apply  the  drive  voltage  to  the  piezoelectric  element.  This  potential  is  named  Vi, 
and  is  applied  on  Layers  2  and  4  of  Figure  2.2.  Tests  were  performed  using  either 
frequency  sweeps  or  sinusoidal  excitation. 

With  these  testing  protocols,  it  was  possible  to  perform  the  experiments  that  will  be  de¬ 
scribed  in  Chapter  6. 
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Chapter  6 

Experimental  Evaluation  of  Hydraulic 

Amplification  Devices 


Having  discussed  all  issues  relevant  to  the  successful  design,  fabrication  and  testing  of 
an  experimental  hydraulic  amplification  device,  this  chapter  deals  with  the  subsequent 
tests  performed  on  a  selection  of  devices  based  on  the  MIT  EH4  energy  harvesting  device 
discussed  in  the  introduction. 


6.1  Overview  of  the  experimental  work 


In  brief,  the  devices  were  characterized  in  the  following  manner: 


•  Pressure-deflection  characteristics  of  the  tethered  piston  structures. 


•  Static  performance  measurements  on  two  hydraulic  amplifiers:  One  with  ten  small 
pistons  and  one  large  one  as  well  as  a  device  with  a  single  small  piston.  Gas  pressur¬ 
ization  techniques  were  used. 


•  Demonstration  of  dynamic  performance  of  a  device  with  one  small  piston  and  a  piezo- 
electrically  driven  large  piston. 


In  total,  four  hydraulic  amplification  devices  were  built  and  tested.  Table  6.1  summarizes 
the  devices  built,  and  the  tests  performed  on  them. 
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Device  number 

Device  type 

Tests  performed 

Comments 

HAG  Device  1 

Single  small  piston 
static  hydraulic  am¬ 
plifier,  no  piezoelec¬ 
tric  elements 

Static  Characteriza¬ 
tion  of  small  and 
large  pistons 

Device  cracked  dur¬ 
ing  initial  testing  due 
to  excessive  clamp¬ 
ing  force  in  test  jig 

HAC  Device  2 

Single  small  piston 
static  hydraulic  am¬ 
plifier,  no  piezoelec¬ 
tric  elements 

Static  Characteriza¬ 
tion  of  small  and 
large  pistons 

Device  cracked  after 
filling  due  to  exces¬ 
sive  clamping  force 
in  test  jig 

HAC  Device  3 

Ten  small  piston 
static  hydraulic 

amplifier,  no  piezo¬ 
electric  elements 

Static  Characteriza¬ 
tion  of  small  and 
large  pistons,  Char¬ 
acterization  of  hy¬ 
draulic  amplification 
capabilities 

Device  was  sub¬ 
jected  to  full  range 
of  characterization 
tests  without  failure. 

HAC  Device  4 

Single  small  piston 
static  hydraulic  am¬ 
plifier,  no  piezoelec¬ 
tric  elements 

Characterization  of 
hydraulic  amplifica¬ 
tion  capabilities 

Device  was  sub¬ 
jected  to  full  range 
of  characterization 
tests  without  failure. 

AV  Device  1 

Single  small  piston 
active  valve  device. 
Piezoelectrically 
driven 

Dynamic  testing 

of  the  hydraulic 
amplification  con¬ 
cept,  evaluation  of 
the  performance  of 
the  high-frequency 
sealing  channel. 

Device  was  subjected 
to  full  range  of  dy¬ 
namic  tests  without 
failure. 

Table  6.1:  Outline  of  the  hydraulic  amplification  devices  assembled  and  tested 
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Figure  6.1:  Two  representations  of  the  static  hydraulic  amplification  device:  (a)  A  detailed 
cross  section  schematic  view,  and  (b)  A  simplified  functional  schematic,  with  nomenclature 
to  be  used. 

6.2  Pressure  Deflection  results 


The  purpose  of  performing  simple  pressure  deflection  tests  of  the  tethered  structures  is  to 
determine  the  stiffnesses  of  the  individual  components  of  the  hydraulic  amplification  device. 
These  will  later  be  used  in  correllating  the  experimental  results  of  the  full  hydraulic  am¬ 
plification  devices  with  the  theoretical  predictions.  For  each  device,  the  pressure-deflection 
characteristics  of  both  the  large  piston  and  the  small  piston  were  evaluated.  Figure  6.1 
illustrates  the  geometry  under  consideration  and  also  the  nomenclature  that  will  be  used. 
Note  that,  in  this  case,  Phac  =  0,  and  we  only  apply  P\  for  the  large  piston  and  P 2  for  the 
small  piston.  All  results  presented  in  this  section  reflect  the  aggregate  of  all  tests  performed 
on  a  given  type  of  membrane  structure,  rather  than  discussing  the  testing  of  each  individual 
membrane.  This  will  maintain  the  focus  of  our  discussion  and  will  also  give  the  reader  a 
sense  for  the  amount  of  variation  from  specimen  to  specimen  that  can  be  expected  when 
using  the  fabrication  techniques  described  in  Chapter  3. 


6.2.1  Pressure-deflection  characteristics  of  the  large  piston 

All  of  the  devices  listed  in  Table  6.1  had  the  exact  same  design  geometry  for  the  large 
pistons.  However,  due  to  variations  in  the  fabrication  process,  all  of  the  large  pistons  were 
slightly  different.  Figure  6.2  displays  the  pressure-deflection  results  obtained  for  a  selection 
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^1  ,exp 

11.3 

8.9 

*frl,theo(9nm) 

12.7 

17.4 

Note:  All  units  are  in  kPafiim. 


Table  6.2:  Large  piston  inverse  compressibility 

of  these  pistons,  along  with  a  prediction  from  the  nonlinear  model  developed  in  [25]. 

We  can  further  proceed,  based  on  the  information  shown,  to  compute  the  linearized  inverse 
compressibility  coefficients  for  the  experimental  results  and  also  for  the  theoretical  predic¬ 
tions,  as  defined  in  Equation  2.13.  The  results  are  shown  in  Table  6.2.  Referring  back  to 
Table  2.1  and  also  to  Chapter  3,  we  recall  that  the  design  required  a  10 thick  SOI  layer. 
The  starting  substrate  for  these  pistons  had  a  device  layer  thickness  of,  nominally,  llpm 
with  a  variation  of  ±l/xm.  After  the  oxidation  process,  approximately  0.7 jim  is  removed, 
therefore  reducing  the  SOI  thickness  to  10.3  ±  1  /im.  Measurements  performed  after  process¬ 
ing  on  pieces  from  the  wafer  edge,  using  a  KLA-Tencor  P10  surface  profilometer,  indicate 
that  the  final  thickness  of  the  device  layer  at  the  edge  location  was  8  i  0.5 fim  on  various 
positions  of  the  wafer  edge.  Therefore,  for  small  deflections,  the  model  agreement  appears 
to  be  very  good  and  within  the  bounds  of  measurement  errors  and  fabrication  tolerances. 


6.2.2  Pressure-deflection  characteristics  of  the  small  piston  structures 

As  mentioned  in  Section  2.3,  two  types  of  small  piston  configurations  were  used.  Figure 
6.3  shows  the  pressure-deflection  characteristics  of  a  device  with  a  single  small  piston,  and 
Figure  6.4  shows  the  same  for  a  device  with  ten  smaller  pistons. 

For  these  two  cases  one  can  proceed  and  again  compute  the  small-deflection  inverse  com¬ 
pressibility  coefficients,  as  was  done  for  the  large  pistons.  Table  6.3  gives  these  coefficients 
for  the  devices  having  a  single  small  piston,  and  Table  6.4  gives  the  coefficients  for  HAC 
Device  3.  In  both  of  these  cases,  the  starting  wafer  had  a  device  layer  thickness  of  8  ±  1  \xm. 
After  processing,  this  thickness  would  be  reduced  to  approximately  7.3  ±  1  /im,  based  on 
the  fabrication  process.  Post-fabrication  measurements  on  the  wafer  edge  gave  a  thickness 
of  6  ±  0.5 \im  on  various  positions  of  the  wafer  edge.  Once  again,  the  agreement  with  model 
predictions  is  good,  and  within  the  bounds  of  fabrication  capabilities  and  measurement 
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Figure  6.2:  Results  from  pressure-deflection  tests  on  the  large  pistons,  obtained  from  HAC 
devices  1,2  and  3 


Figure  6.3:  Results  from  pressure-deflection  tests  on  a  selection  of  small  pistons  from  HAC 
Devices  1  and  2,  both  having  one  small  piston  per  hydraulic  amplifier. 
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Figure  6.4:  Results  from  pressure-deflection  tests  on  a  selection  of  small  pistons  from  HAC 
Device  3,  a  device  with  ten  small  pistons  per  hydraulic  amplifier. 


^2, exp 

3.1 

*p2ttheo($iim) 

1.0 

1p2,theo(6nm) 

1.8 

^2,theo{l  nm) 

3.0 
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Table  6.3:  Small  piston  inverse  compressibility  for  devices  with  a  single  small  piston. 


tolerances. 


6.2.3  Summary:  Pressure  deflection  results 

This  section  presented  pressure  deflection  data  on  the  small  and  large  piston  geometries 
employed  in  the  hydraulic  amplifiers  that  were  tested.  In  all  results  it  appears  that  the 
pistons  were  slightly  more  compliant  than  predictions  based  on  design  values.  After  post- 
fabrication  metrology  and  model  corrections,  it  was  shown  that  the  values  obtained  were 
still  within  the  bounds  of  tolerances  quoted  by  the  wafer  suppliers,  as  well  as  tolerances 
in  the  subsequent  fabrication  processes.  After  performing  these  tests,  the  models  were 
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Note:  All  units  are  in  kPa/fim. 


Table  6.4:  Small  piston  inverse  compressibility  for  devices  with  10  small  pistons. 


appropriately  adjusted  before  continuing  to  the  next  section,  which  involves  the  testing  of 
a  filled  hydraulic  amplifier. 


6.3  Static  hydraulic  amplification  tests 

Two  devices  mentioned  in  Table  6.1  underwent  static  hydraulic  amplification  tests:  HAC 
Device  3  was  a  device  with  10  small  pistons  and  HAC  Device  4  was  a  device  with  a  sin¬ 
gle  small  piston.  The  static  behavior  of  both  devices  was  evaluated  by  pressurizing  both 
the  small  piston(s)  and  the  large  piston,  and  measuring  the  displacement  of  both.  Due 
to  constraints  in  the  measurement  system,  simultaneous  measurements  were  not  possible. 
However,  by  accurately  controlling  the  respective  pressures,  reliable  results  were  obtained. 
In  all  static  tests  performed,  Pi  was  switched  by  the  solenoid  valves  discussed  in  Section 
5.4.3.  P2  was  switched  manually  using  ball  valves.  Figure  6.5  shows  representative  time- 
histories  obtained  for  a  typical  hydraulic  amplification  test  run. 


6.3.1  Tests  performed,  and  correlation  with  nonlinear  models:  HAC  Device  3 

Figures  6.6  and  6.7  show  the  deflections  of  the  large  piston  and  one  of  the  small  pistons  for 
Pi  varying  from  0  to  500fcPa  and  for  P<i  having  values  0,  92,  298  and  500A;Pa.  Keeping  in 
mind  the  pressure-deflection  results  from  Section  6.2.1  it  should  be  clear  to  the  reader  that 
the  large  piston  acts  as  a  pressure  transfer  element  with  very  little  pressure  differential  across 
this  piston  for  the  deflections  observed  in  Figure  6.6.  The  small  piston  in  turn  responds 
to  the  pressure  transferred  by  the  large  piston.  In  both  figures  the  data  is  displayed  along 
with  cubic  fits  to  the  data.  In  all  subsequent  analyses  the  fitted  data  will  be  used  instead  of 
the  raw  data.  Note  that  the  fits  are  cubic,  and  were  performed  on  the  inverse  of  the  data 
shown.  The  reader  should  bear  in  mind  that,  to  first  order,  the  tethered  membrane  piston 
structure  can  be  seen  to  be  analogous  to  a  Duffing- type  spring,  as  described,  for  example, 


96  6  Experimental  results 


Time  (s)  Time  (s) 


Figure  6.5:  Typical  data  obtained  from  an  hydraulic  amplification  test  run.  By  accurately 
controlling  P<i  during  each  small  piston  -  large  piston  measurement  pair,  it  was  possible  to 
obtain  good  data  without  resorting  to  two-sided  displacement  measurement. 
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Figure  6.6:  Hydraulic  amplification  data  for  the  large  piston  of  HAC  Device  3.  For  all 
subsequent  analysis,  the  fitted  data  will  be  used. 


in  [41].  In  the  case  of  a  Duffing  spring,  the  spring  force  is  a  cubic  polynomial  function  of 
the  deflection.  The  inverse  -  that  the  deflection  is  a  cubic  polynomial  function  of  the  spring 
force  -  does  not  hold.  It  is  the  same  for  the  membrane  structures,  with  the  exception  that 
a  pressure  takes  the  place  of  the  force,  as  discussed  in  Chapter  2. 

Figures  6.8  and  6.9  now  show  the  model  results  plotted  over  the  experimental  results.  Note 
that  the  large  piston  deflects  significantly  more  than  model  predictions,  indicating  a  reduced 
stiffness  of  the  HAC. 


6.3.2  Amplification  ratio  and  amplification  sensitivity:  HAC  Device  3 

A  suitable  figure  of  merit  in  evaluating  the  performance  of  an  hydraulic  amplifier  would 
be  an  amplification  ratio  or  an  amplification  factor.  This  ratio  can  be  computed  using  two 
different  methods.  The  first  method,  which  we  will  define  as  the  amplification  ratio,  is 
defined  as: 


98  6  Experimental  results 


Figure  6.7:  Hydraulic  amplification  data  for  the  small  piston  of  HAC  Device 
the  scatter  in  data  for  the  small  piston  is  very  small,  due  to  good  measureme 
ind  large  amplitude  motions. 
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Figure  6.9:  Adding  model  data  to  Figure  6.7.  HAC  Device  3. 


(6.D 

\Z1  (Pi)  *l(0)  /  p2=const 

Figure  6.10  shows  this  amplification  ratio.  Note  that  the  amplification  ratio  is  always  a 
maximum  near  the  ’’linear  region”  of  the  operating  regime.  The  second  method,  shown 
in  Figure  6.11  uses  the  incremental  displacement  amplification  which  allows  us  to  write  an 
expression  for  the  amplification  sensitivity: 


AS  = 


dz2\ 

Pzl  )  P1}P2— const 


(6.2) 


6.3.3  Small  deflection  stiffness  matrix  comparisons:  HAC  Device  3 

One  can  proceed  and  compute  the  small-deflection  inverse  compressibility  matrix  of  the 
coupler,  as  described  in  Section  2.4.  In  Section  6.2  the  results  of  the  tests  on  all  tethered 
piston  structures  are  given.  Figure  6.12  gives  the  results  obtained  for  the  large  piston 
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Figure  6.10:  Amplification  ratios  for  the  tests  performed.  HAC  Device  3. 
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Figure  6.11:  Amplification  sensitivities  for  the  tests  performed.  HAC  Device  3. 
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Note :  All  units  are  in  hPa/tim. 


Table  6.5:  Inverse  compressibilities  for  the  pistons  of  HAC  Device  3. 


Figure  6.12:  Pressure-deflection  results  for  the  large  and  small  pistons  of  HAC  Device  3. 


and  small  piston  tested  in  this  section.  For  these  individual  tethered  piston  structures,  the 
scatter  in  the  data  is  significantly  less,  due  to  the  elimination  of  variations  in  the  fabrication 
process  and  variations  in  SOI  device  layer  thickness  as  elements  of  uncertainty.  For  these 
particular  stuctures,  the  inverse  compressiblities,  and  are  given  in  Table  6.5. 

We  now  proceed  to  compute  the  inverse  compressibility  matrix  for  this  coupler.  By  taking 
two  values  of  z<i  at  two  values  of  P2  and  a  matching  Pi,  and  then  finding  the  corresponding 
values  for  z\  at  those  values  of  P2  and  Pi,  we  can  set  up  a  system  of  linear  equations,  and 
solve  for  the  four  coefficients,  as  shown  in  Equation  6.3. 


Pla  ' 

Zla 

Z2a 

^2  a 

>  — 

0 

0 

Plb 

*lb 

Z2b 

Plb 

0 

0 

0 

0 

Du 

Zla 

Z2a 

i 

Dl2 

0 

0 

£>21 

Zlb 

Z2b  m 

£>22 

/ 

(6.3) 
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where: 


and,  recalling  from  Equation  2.11  that: 


£>n  £>12 
£>21  £>22 


(6.4) 


P  =  Dz 


(6.5) 


^or  z2a  —  1/im,  p2a  —  92&Pa  and  z^t  —  —lpm,  P2&  =  — 298fcPa,  and  finding  the  matching 
values  for  P l  and  z\  in  both  the  experimental  and  theoretical  cases,  the  following  D-matrices 
were  computed: 


£>tfieo  — 

7.38  x  103 
-7.38  x  103 

-3.49  x  102 
3.67  x  102 

kPa/fim 

(6.6) 

£>ezp  = 

6.34  xlO2 
-6.32  x  102 

-1.90  x  101  ' 
3.46  x  101 

kPa/pm 

(6.7) 

Dividing  (6.6)  element-wise  by  (6.7),  we  find  the  following  ratios: 


11.6  18.4 

11.7  10.6 


(6.8) 


In  a  similar  fashion,  we  can  compute  theoretical  and  experimental  C-matrices,  as  described 
in  Equation  2.14,  and  we  find,  for  the  same  values  as  used  for  the  D-matrices: 


^theo  “ 

2.75  X  10"3 
5.53  x  10~2 

2.61  x  10“3  ' 
5.53  x  10"2 

pm/kPa 

(6.9) 

CeXp  = 

"  3.48  x  10-3 
6.37  x  IQ"2 

1.91  x  10~3  ' 
6.39  x  10-2 

pm/kPa 

(6.10) 

And,  dividing  (6.9)  element-wise  by  (6.10): 


0.8 

1.4 

0.9 

0.9 

(6.11) 


Note  that,  due  to  the  almost-singular  nature  of  the  matrices,  as  discussed  in  Section  2.4,  the 
apparent  factor  10  discrepancy  in  (6.8)  is  not  reflected  as  a  factor  0.1  in  (6.11).  It  should 
be  pointed  out  that  the  tests  performed  were  tests  aimed  at  measuring  compressibility,  and 
not  inverse  compressibility  -  i.e.  a  load  was  applied,  and  a  deflection  was  measured.  For 
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Figure  6.13:  Large  piston  results  with  the  linearization  about  0  added.  HAC  Device  3. 

measuring  the  inverse  compressibility,  or,  in  the  case  of  a  simple  spring,  the  stiffness,  we 
would  have  had  to  impose  a  displacement,  and  measure  the  resulting  load. 

Therefore,  in  Figures  6.8  and  6.9  we  see  no  sign  of  a  factor  10  discrepancy.  Figures  6.13 
and  6.14  are  repeats  of  Figures  6.8  and  6.9,  but  with  the  linearizations  given  by  (6.9)  and 
(6.10)  added  to  them. 

A  discrepancy  that  is  apparent  in  both  the  theoretical  and  experimental  data  is  that  \Dn\ 
is  not  significantly  greater  than  |£>2i|  in  (6.6)  and  (6.7).  Recall  from  Equation  2.10  that: 

Dn  =  &71  +  in 

D2l  =  —pdfi 

The  discrepancy  in  the  theoretical  case  is  readily  explained  by  the  fact  that  a  chosen  value  of 
Z2  —  ±l/zm  already  adds  some  nonlinearity  to  the  system,  combined  with  the  fact  that,  in 
the  theoretical  case,  Du  =  O(103),  whereas  ipi  =  0(10).  The  effect  of  ipi  is  almost  negligible 
and  easily  masked  by  numerical  artefacts.  It  has  been  verified  that,  for  smaller  values  of  22, 
the  condition  of  \Dn\  >  I-D21I  is  obtained.  In  (6.7),  we  do  have  that  |Dn|  >  (£>21 1?  but  the 
difference,  approximately  2 fcPa//xm,  is  less  than  the  measured  value  of  =  15.2 kPaj/xm. 
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Figure  6.14:  Small  piston  results  with  the  linearization  about  0  added.  HAC  Device  3. 


This  discrepancy  can  probably  be  attributed  to  an  error  in  the  measurements  taken. 

One  more  calculation  remains  to  evaluate  the  quality  of  the  data  presented  in  this  section. 
We  can  substract  the  appropriate  values  for  ipi  and  rp2  from  the  theoretical  and  experimental 
D-matrices,  to  get  a  matrix  of  the  form: 


jj  _  Pcjl  ~Pc 72 
[  -Pell  /3c72 

In  the  theoretical  and  experimental  cases  we  then  obtain: 


7.37  x  103  -3.49  x  102  ' 

-7.38  x  103  3.49  x  102 


(6.12) 


(6.13) 


6.19  x  102  -1.90  x  101  ' 

-6.32  x  102  1.92  x  101 


Element-wise  division  yields: 

’  11.9  18.4  ' 
11.7  18.2 


(6.14) 

(6.15) 
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We  note  that,  in  reality,  (6.15)  should  have  all  entries  be  identical.  We  recall  that  in 
Equation  6.12: 


71  = 

72  = 


M  fiff 

vc 

Av// 

Vc 


Therefore,  71  and  72  depend  solely  on  geometry,  which  should  be  very  similar  from  model 
to  experiment.  Therefore,  one  should  expect  to  see  all  four  entries  in  (6.15)  reflect  the  ratio 

of:  a 

Pc,theo 

Pc}exp 

The  discrepancy  in  (6.15)  is  attributed  to  measurement  errors.  Any  other  variation  would 
not  violate  the  physics  of  the  system. 


6.3.4  Tests  performed,  and  correlation  with  nonlinear  models:  HAC  Device  4 

Both  hydraulic  amplifiers  in  HAC  Device  4  were  tested.  The  results  of  the  two  devices 
match  closely,  and  only  one  set  is  discussed  here.  Figures  6.15  and  6.16  show  the  deflections 
of  the  large  piston  and  the  small  piston  for  Pi  varying  from  0  to  200£;Pa  and  for  P2  having 
values  0,  53,  105,  153,  206  and  253fcPa.  Again,  the  data  is  displayed  along  with  cubic  fits 
to  the  data. 

Figures  6.17  and  6.18  now  show  the  model  results  plotted  over  the  experimental  results. 
As  was  the  case  for  HAC  Device  3,  the  large  piston  deflects  significantly  more  than  model 
predictions,  indicating  a  reduced  stiffness  of  the  HAC. 


6.3.5  Amplification  ratio  and  amplification  sensitivity:  HAC  Device  4 

Using  Equations  6.1  and  6.2,  we  proceed  to  compute  the  amplification  ratio  and  amplifi¬ 
cation  sensitivity  for  HAC  Device  4.  The  results  are  shown  in  Figures  6.19  and  6.20.  The 
amplification  ratio  is  higher  than  predicted  for  P2  —  0k Pa.  This  could  probably  attributed 
to  a  measurement  irregularity.  Also,  in  this  case,  the  amplification  sensitivity  is  higher  for 
the  experimental  case.  This  is  due  to  a  smaller  incremental  change  in  z\  for  the  measured 
values. 
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Figure  6.15:  Hydraulic  amplification  data  for  the  large  piston  of  HAC  Device  4 
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Figure  6.16:  Hydraulic  amplification  data  for  the  small  piston  of  HAC  Device  4 
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Figure  6.17:  Adding  model  data  to  Figure  6.15.  HAC  Device  4. 


Figure  6.18:  Adding  model  data  to  Figure  6.16.  HAC  Device  4.  The  good  correlation  is 
attributed  to  the  fact  that  the  large  piston  sees  a  very  small  A P. 
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Figure  6.19:  Amplification  ratios  for  the  tests  performed.  HAC  Device  4. 


Figure  6.20:  Amplification  sensitivities  for  the  tests  performed.  HAC  Device  4. 
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Note:  All  units  are  in  kPa/fim. 


Table  6.6:  Inverse  compressibilities  for  the  pistons  of  HAC  Device  4. 


6.3.6  Small  deflection  stiffness  matrix  comparisons:  HAC  Device  4 


This  section  is  a  repeat  of  Section  6.3.3  for  the  hydraulic  amplifier  with  a  single  small  piston. 
No  individual  membrane  characterizations  were  performed  on  this  device.  The  results  from 
HAC  Devices  1  and  2  were  used  instead.  The  inverse  compress iblities  that  were  used,  0i 
and  02?  are  given  again  in  Table  6.6. 


As  was  done  in  Section  6.3.3,  we  compute  the  inverse  compressibility  matrix.  For  z2a  =  l^m> 
P2a  =  0 kPa  and  z2b  =  — 1  /im,  P2&  =  —153 kPa,  and  finding  the  matching  values  for  Pi  and 
Z\  in  both  the  experimental  and  theoretical  cases,  the  following  D-matrices  were  computed: 


D theo  — 


4.18  x  103  -1.12  x  102 

-4.18  x  103  1.14  x  102 


kPa/fim 


T^exp  — 


7.67  x  102  -8.20 

-7.71  x  102  9.40 


kPa/fim 


Dividing  (6.16)  element-wise  by  (6.17),  we  find: 


(6.16) 

(6.17) 


5.4  13.6 

5.4  12.1 


(6.18) 


We  note  that  there  seems  to  be  slightly  better  correlation  between  the  predicted  and  mea¬ 
sured  inverse  compressibilities  when  (6.18)  is  compared  to  (6.8).  This  could  be  due  to  an 
HAC  that  was  better  filled.  In  a  similar  fashion,  we  compute  theoretical  and  experimental 


C-matrices: 

&theo  = 
Gexp  = 


1.47  x  10~2 

1.45  x  lO"2 

5.41  x  KT1 

5.41  x  lO-1 

1.06  x  10~2 

9.23  x  10-3 

8.68  x  lO”1 

8.63  x  lO"1 

Hm/kPa 

(6.19) 

fim/kPa 

(6.20) 
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Figure  6.21:  Large  piston  results  with  the  linearization  about  0  added.  HAC  Device  4. 


And,  dividing  (6.19)  element-wise  by  (6.20): 


1.4  1.6 

0.6  0.6 


(6.21) 


Once  again,  the  ratios  seen  in  (6.21)  are  not  the  inverse  of  those  seen  in  (6.18).  Figures 
6.21  and  6.22  are  repeats  of  Figures  6.17  and  6.18  with  the  linearizations  given  by  (6.19) 
and  (6.20)  added  to  them. 


The  discrepancy  between  \Dn\  and  |X>2i |  as  discussed  previously  can  once  again  be  seen  in 
(6.16)  and  (6.17).  In  (6.17),  we  now  have  that  |jDh|  <  |Z^2i  I  *  Measurement  errors  could 
cause  such  a  discrepancy. 

Substracting  the  appropriate  values  for  ipi  and  ^2  from  the  theoretical  and  experimental 
D-matrices,  we  obtain: 


T^theo  — 


4.17  x  103  -1.12  x  102 

-4.18  x  103  1.12  x  102 


(6.22) 
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Figure  6.22:  Small  piston  results  with  the  linearization  about  0  added.  HAC  Device  4. 


Deip  “ 

And  element-wise  division  yields 


Once  again,  as  was  the  case  in  (6.15),  the  fact  that  all  entries  in  (6.24)  are  not  equal  is 
attributed  to  measurement  errors.  Note  that  \Duttheo\  <  |^2i,theo|  because  z 2  was  chosen  to 
be  relatively  large.  Choosing  a  smaller  Z2  will  yield  the  correct  result.  For  these  experiments 
however,  it  was  decided  not  to  use  a  z: 2  that  is  too  small,  causing  the  analyses  to  be  overly 
sensitive  to  possible  measurement  errors. 

In  summary,  two  static  hydraulic  amplifiers  with  different  theoretical  amplification  ratios 
have  been  tested.  The  same  trends  have  been  seen  in  the  tests  of  both  HAC  Device  3  and 
HAC  Device  4,  with  the  latter  device,  HAC  Device  4,  appearing  to  be  the  one  that  was 
better  filled  and  sealed.  Amplification  ratios  of  up  to  40:1  were  observed,  when  ignoring  the 
P2  =  0 kPa  result  for  HAC  Device  4.  In  addition,  amplification  sensitivities  of  approximately 
80:1  were  obtained. 


7.56  x  102  -8.20  x  101 

-7.71  x  102  6.30  x  101 


(6.23) 


5.5  13.6 
5.4  17.8 


(6.24) 
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Figure  6.23:  Small  and  large  piston  deflections  as  functions  of  both  PL  and  P2.  HAC  Device 
3. 

6.3.7  Static  hydraulic  amplification  as  a  two-variable  function 

For  completeness,  the  attention  of  the  reader  is  drawn  to  the  fact  that,  as  described  in  the 
section  on  the  nonlinear  case  (Section  2.5),  the  deflections  can  be  written  as  nonlinear  func¬ 
tions  of  the  two  pressures,  and  vice-versa.  Graphs  from  experimental  and  theoretical  results 
can  be  constructed  and,  by  using  suitable  interpolation,  the  theoretical  and  experimental 
responses  can  be  visualized  in  a  three-dimensional  manner,  as  shown  in  Figure  6.23. 


6.4  Dynamic  hydraulic  amplification  tests 


This  section  attempts  to  briefly  demonstrate  the  dynamic  capabilities  of  the  hydraulic 
amplifiers  developed  in  this  work.  The  dynamic  tests  discussed  here  were  performed  on 
the  HAC  of  a  piezoelectrically  driven  active  valve,  as  described  in  [19]1.  In  these  tests  the 
large  piston  was  actuated  by  three  radially  equispaced  PZN-PT  single  crystal  piezoelectric 
elements,  instead  of  the  pressure  that  was  previously  used.  Furthermore,  the  HAC  was 
not  statically  sealed,  but  rather  dynamically  using  the  technique  described  in  Section  4.2.2. 
The  dynamic  hydraulic  amplifier  is  depicted  schematically  in  Figure  6.24. 


1In  Table  6.1  this  device  is  referred  to  as  AV  Device  1 
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Figure  6.24:  Two  representations  of  the  dynamic  hydraulic  amplification  device:  (a)  A  de¬ 
tailed  cross  section  schematic  view,  and  (b)  A  simplified  functional  schematic,  with  nomen¬ 
clature  to  be  used. 

The  device  tested  was  one  with  a  single  small  piston.  The  first  test  performed  was  a  low 
amplitude  frequency  sweep  to  determine  the  bandwidth  of  the  hydraulic  amplifier.  Figure 
6.25  shows  the  results  of  this  test.  When  no  silicone  oil  is  present  on  top  of  the  small  piston, 
the  first  resonance  occurs  at  approximately  10kHz.  Adding  oil  introduces  additional  inertia, 
with  a  corresponding  reduction  in  natural  frequency  to  approximately  5 kHz,  For  a  further 
discussion  of  this  phenomenon,  the  reader  is  referred  to  [19]. 

In  addition,  quasi-static  tests  were  performed  at  various  voltage  levels,  at  a  frequency  of 
1kHz.  Figure  6.26  shows  a  typical  time  history  of  the  small  and  large  pistons  for  the  case 
where  V\  =  400V  ±  400V,  Phac  =  P2  =  500fcPa.  Figure  6.27  shows  the  deflection  versus 
different  values  for  Vi.  The  corresponding  amplification  ratio  as  a  function  of  Vi  is  depicted 
in  Figure  6.28.  In  this  case,  the  amplification  ratio  is  defined  as: 

AR  =  (6.25) 

Zl|  P-P 

Note  the  equivalence  of  Figure  6.27  with  Figures  6.6  and  6.7,  where  a  voltage  takes  the  place 
of  pressure  actuation  for  the  dynamic  tests.  Varying  P2  to  obtain  the  same  sets  of  curves 
as  seen  for  the  static  case  was  not  feasible,  due  to  the  fact  that  the  dynamic  seal  used  in 
the  piezolectric  hydraulic  amplifier  would  not  allow  for  a  quasi-steady  pressure  differential 
to  be  applied  between  Phac  and  P2  without  changing  the  equilibrium  position  of  the  small 
piston.  Changing  P2  at  sufficiently  high  frequency  was  not  possible  with  the  experimental 
equipment  used. 
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Frequency  (kHz) 


Figure  6.25:  Frequency  response  of  AV  Device  1  with  and  without  silicone  oil  on  top  of  the 
small  piston.  Vi  =  OV  ±  5V,  PHAC  =  P2  =  500ifcPa 


Time  (ms) 


Figure  6.26:  Time  history  of  AV  Device  1  with  silicone  oil  on  top  of  the  small  piston. 
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Small  Piston  Voltage  Dependance:  P  Uas  *  SOOkPa,  Frequency  =  1kHz 


Figure  6.27:  Deflection  of  the  small  and  large  pistons  as  a  function  of  V\. 


Figure  6.28:  Amplification  ratio  as  a  function  of  V\. 
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For  a  detailed  discussion  of  these  results,  the  reader  is  again  referred  to  [19].  For  the  purposes 
of  the  argument  presented  in  this  document,  it  can  be  concluded  that  these  dynamic  tests 
indicate  that  the  HAC  has  sufficient  bandwidth  for  high  frequency  operation  of  microvalves 
and  other  micromanipulators.  The  added  mass  effect  of  the  silicone  oil  on  the  natural 
frequency  of  the  device  shows  that  the  effect  of  the  system  being  driven  by  the  hydraulic 
amplifier  should  be  accounted  for  when  designing  a  microscale  hydraulic  amplifier,  as  is  the 
case  for  any  actuator-load  pair. 


6.5  Summary  of  the  test  results 


In  this  chapter  we  presented  the  following  results: 


•  Pressure-deflection  results  for  the  three  different  types  of  tethered-membrane  struc¬ 
tures.  It  was  shown  that  the  measured  results  compared  well  with  model  predictions, 
when  considering  measurement  errors  and  fabrication  tolerances. 

•  Static  hydraulic  amplification  results  for  two  types  of  hydraulic  amplifiers.  The  com¬ 
pressibility  matrix  coefficients,  equivalent  to  a  compliance  matrix,  were  found  to  be 
close  to  those  predicted  by  analytical  models.  See  (6. 11), (6.21).  Further  data  analysis 
on  the  inverse  compressibility  matrices  revealed  possible  measurement  errors.  Despite 
these  errors,  however,  the  data  clearly  indicates  that  a  stiff  hydraulic  amplifier  was 
produced. 

•  Dynamic  hydraulic  amplification  results  for  a  piezoelectrically  driven  hydraulic  am¬ 
plifier.  These  tests  were  performed  to  show  that  the  hydraulic  amplifier  has  sufficient 
bandwidth.  A  first  natural  frequency  of  approximately  10 kHz  was  achieved,  reducing 
to  5 kHz  when  silicone  oil  was  added  on  top  of  the  small  piston. 

In  conclusion  these  first  test  results  on  microfabricated  hydraulic  amplifiers  prove  that 
hydraulic  amplification  is  a  viable  means  of  stroke  enhancement  for  MEMS  applications. 


Chapter  7 

Conclusions  and  recommendations 


7.1  Conclusions 


In  this  work,  a  number  of  significant  accomplishments  have  been  made,  and  these  are 
summarized  as  follows: 


•  Fabrication  techniques  for  fabricating  high-quality  tethered  membrane  structures  have 
been  developed  [30]. 

•  Reliable  die-level  alignment  anodic  bonding  techniques  have  been  developed  and  em¬ 
ployed  with  success  in  the  assembly  of  not  only  hydraulic  amplification  devices,  but 
also  complete  MHT  devices,  significantly  reducing  the  risks  associated  with  full-wafer 
processing  of  fragile  experimental  wafers. 

•  Reliable  filling  procedures  have  been  developed  for  the  bubble-free  filling  of  hydraulic 
dead  volumes  through  channels  of  cross-section  10/i  x  lO^ro  and  1000 jim  in  length. 

•  Static  sealing  techniques  for  experimental  devices  have  been  developed  and  proven  to 
be  reliable  in  sealing  HAC’s  with  minimal  seal  extrusion  and  HAC  pressure  rise. 

•  Dynamic  sealing  techniques,  based  on  labyrinth  seal  technology,  were  conceived  and 
proven  to  be  a  valid  means  of  sealing  an  HAC  that  will  operate  at  frequencies  higher 
than  the  cutoff  frequency  of  the  dynamic  seal. 

•  A  fluid  testing  system  was  developed  to  enable  the  successful  testing  of  HAC  devices. 

•  A  reliable  test  jig  for  the  device  was  developed  as  a  subsystem  of  the  fluid  testing 
system. 

•  Building  on  all  items  mentioned  above,  hydraulic  amplification  devices  were  supcess- 
fully  designed,  fabricated  and  tested  to  prove  the  concept  of  hydraulic  amplification  for 
MEMS.  The  devices  have  been  shown  to  have  amplification  ratios  and  stiffnesses  that 
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agree  well  with  theoretical  predictions.  In  addition,  it  was  shown  that  a  microscale  hy¬ 
draulic  amplifier,  properly  designed,  will  have  sufficient  bandwith  for  high-frequency 
micromechanical  actuation. 


7.2  Recommendations 

It  is  recommended  that  the  following  issues  be  addressed  in  further  studies  in  hydraulic 
amplification  devices. 


•  The  fillet  radius  control  techniques  for  fabricating  the  SOI  membrane  structures  need 
substantial  improvement.  A  process  with  minimal  human  intervention  is  required. 

•  This  work  dealt  primarily  with  stroke  amplification.  The  reverse  application,  namely 
force  amplification,  could  be  useful  for  increasing  the  force  generated  by,  e.g.  electro¬ 
static  actuation  techniques.  An  investigation  into  this  matter  may  prove  fruitful. 

•  In  addition  to  piezoelectric  actuation,  hydraulic  amplifiers  lend  themselves  to  be  driven 
by  other  types  of  actuation.  The  usefulness  of  hydraulic  amplification  in  an  electro¬ 
static  or  electromagnetic  system  is  worth  investigating. 

•  The  effect  of  various  aspects  of  the  device  geometry  on  the  natural  frequency  of  the 
devices  needs  to  be  investigated  in  more  detail.  This  study  would  also  include  the 
effect  of  geometry  on  the  fluidic  behavior  of  the  device. 

•  The  filling  and  sealing  procedures,  although  robust,  are  tedious.  Additional  work  to 
further  improve  and  understand  the  filling  process,  as  well  as  better  sealing  techniques 
for  commercial  applications,  are  recommended. 

•  It  is  probably  wise  to  state  that  the  per  unit  cost  of  devices,  influenced  by  the  afore¬ 
mentioned  items  in  this  list,  as  well  as  some  others,  needs  to  be  reduced  significantly 
to  make  hydraulic  amplification  commercially  viable  for  MEMS.  This  is  said  with 
the  understanding  that  the  devices  presented  in  this  work  were  fabricated  solely  for 
research  purposes,  with  cost  not  being  a  concern. 
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7.3  Final  remarks 


In  conclusion  it  can  be  stated  that  hydraulic  amplification  for  use  in  MEMS  can  now  be 
considered  feasible.  Although  this  work  has  addressed  the  investigation  from  a  mostly 
experimental  point  of  view  on  a  select  few  devices,  it  is  safe  to  assume  that  the  techniques 
developed  and  knowledge  gained  here,  especially  with  reference  to  membrane  fabrication 
and  fluid  filling  and  sealing,  will  enable  future  hydraulic  amplification  devices  to  rely  on 
these  building  blocks  for  their  success. 
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Material  properties 


The  following  material  properties  were  used  for  performing  calculations: 
Silicon,  single  crystal,  (100) 


Property  name 

Units 

Quantity 

Young’s  modulus  (Effective) 

GPa 

165 

Poisson’s  ratio  (Effective) 

0.22 

Density 

kg/rn3 

2330 

Tensile  strength 

GPa 

1.0 

Glass  (Pyrex™ 7740) 


Property  name 

Units 

Quantity 

Young’s  modulus  (Effective) 

GPa 

62.8 

Poisson’s  ratio  (Effective) 

0.20 

Density 

kg/m3 

2230 

Tensile  strength 

MPa 

7 

Silicone  oil  -  Hexamethyldisiloxane  (Dow  Coming  DC200  0.65cst) 


Property  name 

Units 

Quantity 

Bulk  Modulus 

GPa 

0.6 

Specific  gravity 

0.760 

Viscosity 

cst 

0.65 

Vapor  pressure  @  25 °C 

kPa 

6.7 
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Boiling  point  @  1  atm 

K 

373.15 

Piezoelectric  material  - 

Single  crystal  PZT-PT 

(TRS  Ceramics) 

Property  name 

Units 

Quantity 

Young’s  modulus  (Effective) 

GPa 

6.76 

Piezoelectric  constant  (^33) 

pC/N 

1300 

Density 

kg/m 3 

8315 

Appendix  B 

Equipment  list 


•  (2x)  Acopian  Model  15EB100  15V  AC-DC  power  supplies 

•  (lx)  Bert  an  Associates  Inc.  Series  230  High  Voltage  Power  Supply,  0-3kV,  0-5mA 

•  (lx)  Bransonic  Model  3510R-DTH  ultrasonic  cleaner 

•  (2x)  Clear  Air  Products  Model  CAP412-5959A-1  Laminar  flow  workstations 

•  (3x)  Concoa  Model  4025301-580  regulators 

•  (2x)  Concoa  Model  4052001-000  regulators 

•  (lx)  Dell  XPS700r  Desktop  computer,  Intel  Pentiumlll  700MHz  Processor,  128MB 
RAM,  SCSI  HDD 

•  (lx)  Dremel  Model  395  Multipro  tool 

•  (lx)  Electronic  Visions  EV450  Aligner  and  ABl-Pv  Bonder. 

•  (lx)  GW  Model  GPS-3030D  Lab  Power  Supply 

•  (lx)  Hewlett  Packard  Model  33 120 A  Function  generator 

•  (2x)  Industrial  Test  Equipment  Model  112722-1  DC  HV  Power  Supply 

•  (2x)  Industrial  Test  Equipment  Model  250 A  RF  Amplifier 

•  (lx)  MDC  NW16  LN  Foreline  trap,  KDFT-4075-2LN,  P/N  434002 

•  (lx)  MDC  NW63  LN  Foreline  trap,  LDFT-8250-2LN,  P/N  434020 

•  (lx)  Mitutoyo  Digital  Micrometer,  Model  293-721-30,  S/N  8084339 

•  (lx)  MTI  Model  MTI-2000  Fotonic  Sensor  with  fiber  optic  probes 

•  (2x)  National  Instruments  BNC-2090  Connection  units 
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•  (2x)  National  Instruments  PCI-6110  A/D  in,  D/A  out  Data  acquisition  boards 

•  (lx)  Nikon  Optiphot  88  microscope 

•  (lx)  Olympus  SZ60  Stereo  microscope 

•  (lx)  Omega  Inc.  Omegaette  HH306  Thermometer 

•  (lx)  Panasonic  Model  PV-7400  VCR  unit 

•  (2x)  Parker  Hannifin  Model  009-225-900  24VDC  Fast  acting  solenoid  valves 

•  (2x)  PCB  Piezotronics  Model  112A22  dynamic  pressure  transducers 

•  (lx)  PCB  Piezotronics  Series  481  signal  conditioner 

•  (lx)  Poly  tec  PI  OFV056  Scanning  Head 

•  (lx)  Polytec  PI  OFV056C  Close-up  attachment 

•  (lx)  Polytec  PI  OFV3001  Vibrometer  controller  with  2nm  resolution  board 

•  (lx)  Polytec  PI  OFV310  Focus  controller 

•  (lx)  Polytec  PI  PSV-Z-040-F  Junction  Box 

•  (7x)  Red  Bulls 

•  (^x)  Sensotec  FDD1BR.2D5A6A  0-5V  lOOpsid  pressure  transducer,  0.1% 

•  (lx)  Sensotec  FDW1CJ.2D5A6A  0-5V  ISOpsid  pressure  transducer,  0.1% 

•  (lx)  Sensotec  FPG1BR.2D5A6A  0-5V  lOOpsig  pressure  transducer,  0.1% 

•  (2x)  Sensotec  FPG1CR.2D5A6A  0-5V  500psig  pressure  transducer,  0.1% 

•  (lx)  Sony  Model  PVM-1350  Monitor 

•  (lx)  Surface  Technology  Systems  (STS)  ICP  Deep  Reactive  Ion  Etch  tool 

•  (15  x)  Swagelok  SS-42S4  Ball  valves 

•  (8x)  Swagelok  SS-4H  Bellows  valves 

•  (2x)  Tektronix  TDS210  Two-channel  oscilloscopes 

•  (lx)  T-M  Vacuum  Products  Inc.  Model  SS806NS-14  Vacuum  Oven 
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•  (lx)  Variant  Convectorr  vacuum  gauge  with  Panelvac  meter 

•  (lx)  Welch  vacuum  pump  Model  1392B-01  with  Emerson  Model  S55NXMPF-6788 
Electric  motor 
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Detail  designs 


C.l  Die-level  anodic  bonding  jig 


The  detail  design  for  the  die-level  anodic  bonding  jig,  as  shown  in  Figure  3.8,  is  given 
here.  All  parts  not  shown  are  standard  off-the-shelf  components.  Some  of  the  standard 
knurled  thumbwheels  required  minor  modifications  for  this  application.  The  four  posts  on 
the  corners  of  the  jig  are  standard  6-32  threaded  rod.  The  bushings  shown  in  Figures  C.5 
and  C.6  require  a  piece  of  seamless  304L  stainless  steel  tubing  to  be  cut  to  protect  the 
ceramic  parts  against  abrasion  from  the  threaded  rods. 

The  complexity  of  this  design  comes  from  the  requirements  of  being  able  to  make  contact 
to  multiple  layers  in  a  silicon-glass  sandwich  structure,  from  both  the  top  and  bottom  of 
the  stack.  In  addition,  this  jig  has  to  withstand  temperatures  as  high  as  500 °<7,  eliminating 
most,  if  not  all,  polymers  for  use  as  insulators.  In  addition,  care  had  to  be  taken  to  allow  for 
thermal  expansion.  Therefore,  the  main  stainless  steel  part  is  ’’floating”,  both  mechanically 
and  electrically,  between  the  four  posts,  but  the  potential  of  this  part  is  effectively  set  by 
the  threaded  rod  contact  that  is  connected  to  the  post  attached  to  Spacer2,  shown  in  Figure 
C.6.  This  post  was  chosen  to  be  at  ground  potential  and  the  main  part  is  pressed  against  it 
by  springs  acting  on  the  opposite  ceramic  bushes.  The  use  of  a  positive-negative  switchable 
power  supply  made  device  stacking  and  pre-bonding  assembly  easy.  After  assembly,  the 
power  supply  simply  had  to  be  set  to  ensure  that  the  glass  is  at  a  negative  potential  with 
respect  to  the  silicon. 
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Figure  C.2:  Lower  ceramic  plate 


Figure  C.3:  Upper  ceramic  plate 
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Figure  C.4:  Chip  rest  (ceramic) 
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Figure  C.6:  Stainless  steel  bushing 
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Figure  C.7:  Ceramic  alignment  pin 
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Figure  C.8:  Ceramic  clamping  pin 
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Figure  C.10:  Wire  clamp  upper  part 


142  C  Detail  designs 


Figure  C.ll:  Leaf  spring 
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Figure  C.12:  Lower  contact  plate 


Figure  C.13:  Upper  contact  plate 
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C.2  Test  jig  for  the  hydraulic  amplifier 


This  section  includes  the  detail  drawings  of  the  test  jig  that  was  used  to  test  the  hydraulic 
amplifier.  The  material  used  was  6061  —  T6  aluminum,  and  the  jig  was  anodized  black  to 
prevent  glare  while  performing  optical  measurements. 


Figure  C.14:  3D  view  1 
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Figure  C.15:  3D  view  2 


Figure  C.16:  Front  view  1 


Figure  C.17:  Front  view  2 
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Figure  C.18:  Front  section  1 
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Figure  C.19:  Front  detail  1 


152  C  Detail  designs 


Figure  C.20:  Front  detail  2 


NOTE:'  ordinate  dimensions  here 
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Figure  C.21:  Front  detail  3 


Figure  C.22:  Side  detail  1 


ComrrwnU:  Except  where  noted 
otherwise'  Alt  tolerances  +_  O.lnn.  All 
holes  drilled/slot  drilled. 
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Figure  C.23:  Rear  view  1 


Figure  C.24:  Mount 


Appendix  D 

Computer  code 


D.l  Matlab  codes  used  for  modeling  of  the  HAC 

These  codes  were  contributed  by  D.  C.  Roberts,  and  are  included  here  for  completeness. 


D.1.1  Bisection  method  iteration  code  for  modeling  of  the  HAC 

This  code  calls  the  nonlinear  plate  code  and  uses  bisection  to  solve  for  z\  and  using  the 
following  equation  as  a  convergence  criterium  (See  (2.20)): 


A  Vi  +  AV2  =  A  Vf 


(D.l) 


function  [Zte,  dVte,  dVfluid,  Ztop,  dVtop,  Fvm,  Zde,  dVvm,  Maxstress,  Zvc,  PHAC]... 
-HACIValveMatlabIterateSubCode (Ppis , PHPR) 

/ 9-16-01  DAVID  C.  ROBERTS 

X 

/  This  file  iterates  in  PHAC  to  determine  the  equilibrium  solution 
/f or  the  HAC  device  behavior  (1-Valve  devices) . 

/Read  in  compliance  coefficients  from  Maple  generated  .m  file 
HACIValveMat lablterateMatr ix ;  /Read  in  compliance  coefficients 

XXXXXXDEFIME  IMPORTANT  PARAMETERSZXXXXXXXXXmXXXXXXXXXXZXXXXXXXXXXXXX 
flagNL=l;  '/Include  non-linearity  if  flagNL=l 
No=0;  /Initial  in-plane  prestress 

//'/'/.'/.'/PROVIDE  INITIAL  GUESS  FOR  PHACXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
PHACguess=0 . 0013e6 ; 

PHACl=PHACguess; 

PHAC2=PHACguess ; 
check0=l ; 
checkl-1; 
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i=0 

j-o 

XDetermine  Volume  discrepancy  for  initial  PHAC  guess 

PHPR  PHAC1]  ;  XVector  of  input  parameters  to  compliance  matrix 
S*A*U*;  XS  is  the  vector  of  all  linear  responses 

Fvc*Avc*(PHACl~PHPR) ;  Pvm*PHACl-PHPR;  XDefine  these  loadings  for  use  in 
XNLAc t i veV al ve .Membrane Cas  e A . ■ 

ty ,r,Vtotal,psi,W, theta fxi,thetaND,ps iHD,sigma_r_ top, sigma_r_bot ,yvc,maxs tress] . . . 

*  NLAc t  i ve Val ve.HembraneCaseA ( Pvm , Fvc , rvc , rvm , t vra , Es i , nus i  , f lagNL ,  Ho  ) ; 
dVvm=:Vtotal;  dVte=S(2);  dVfluid=S(3) ;  dVtop«S(5); 
checkl  «  (dVvm  ♦  dVtop  -  dVte  -  dVfluid); 
checkO=checkl; 

XOone 

XDetermine  range  of  PHAC  (between  PHACO  and  PHAC1)  within  which 
Xthe  real  PHAC  lies 

while  checkO*checkl / (abs ( checkO+checkl ) ) >  0 
i*0 

PHACO  *  PHAC1; 

PHAC1  *  PHAC2 
checkO  *  checkl 

0*[Ppis  PHPR  PHAC1];  XVector  of  input  parameters  to 
Xcompliance  matrix 
S*A*U’;  XS  is  the  vector  of  all 
Xlinear  responses 

Fvc*Avc*(PHACl-PHPR) ;  Pvm-PHACl-PHPR;  XDefine  these 
Xloadings  for  use  in  HUctiveValve.MembraneCaseA.m 

Cy.r, Vtotal.psi.W, theta, xi, thetaND, ps iND,sigma_r_top, sigma.r.bot, yvc, . . . 

maxstress]  *  RLActiveValve_MembraneCaseA(Pvm,Fvc,rvc,rvm,tvm,Esi,nusi,flagNL,No) ; 
dVvmsVtotal;  dVte*S(2);  dVfluid*S(3) ;  dVtop«S(5); 
checkl  =  (dVvm  +  dVtop  -  dVte  -  dVf luid) ; 

if  checkl  <  0 

PHAC2  »  10*PHAC1 ; 
else if  checkl  >  0 
PHAC2  ■  0.1*PHAC1; 
else 

break; 

end 

end 

if  PHACKPHACO  Xrearrange  PHACO  to  be  less  than  PHAC1 
PHACmax*PHACO; 

PHACminsPHACl; 

PHACl=PHACmax 

PHACO=PHACain 

else 

end 
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/DONE, it  has  been  determined  that  PHAC  lies  between  PHACO  and  PHAC1 


3-0! 

/Determine  solution  for  PHAC 
PHACm=0 . 5* (PHAC0+PHAC1) ; 
f irsthalf=0; 

while  absC(PHACl-PHACO) /PHACO)  >  0.0001 
i=l 

j=j+l 

if  f  irsthalf =1 

U=[Ppis  PHPR  PHACm] ;  /Vector  of  input  parameters  to  '/ 

'/compliance  matrix 
S=A*U’ ;  /S  is  the  vector  of  all 
'/linear  responses 

Fvc=Avc*  (PHACm-PHPR) ;  Pvm=PHACm-PHPR ;  '/Define  these  loadings 
/for  use  in  NLAct iveValve.MembraneCaseA.m 
[y,r,Vtotal,psi,W, theta, xi,thetaND,psiND, . . . 

sigma_r_top,sigma_r_bot ,yvc,maxstress)  =  ... 

NLAct iveValve_MembraneCaseA (Pvm, Fvc , rvc , rvm , t vm, Es i ,nus i , f lagNL ,  No) ; 
dVvm=Vtotal;  dVte=S(2);  dVfluid=S(3) ;  dVtop-S(5); 
checkm  =  (dVvm  +  dVtop  -  dVte  -  dVfluid); 

else 

U=[Ppis  PHPR  PHACO) ;  /Vector  of  input  parameters  to 
/compliance  matrix 
S-A*}}* ;  '/S  is  the  vector  of  all 
/linear  responses 

Fvc-Avc*(PHAC0-PHPR) ;  Pvm=PHAC0-PHPR ;  /Define  these  loadings 
'/for  use  in  NLActiveValve.MembraneCaseA.m 
Cy ,r,Vtotal,psi,W, theta, xi,thetaND,psiND, — 

sigma-r_top,sigma_r..bot  ,yvc,maxs tress]  =  .  .  . 

NLAct i veVal ve.Membr aneCase A (Pvm , Fvc , rvc , rvm , t vm , Es i , nus i , f lagNL , No ) ; 
dVvm=Vtotal;  dVte=S(2);  dVfluid=S(3);  dVtop=S(5); 
checkO  =  (dVvm  +  dVtop  -  dVte  -  dVfluid) ; 

U=[Ppis  PHPR  PHACm)  ;  /Vector  of  input  parameters  */ 
to  compliance  matrix 
S=A*U* ;  '/S  is  the  vector  of  all  / 
linear  responses 

Fvc=Avc* (PHACm-PHPR);  Pvm=PH ACm-PHPR ;  /Define  these  loadings  for  '/ 
use  in  NLActiveValve_MembraneCaseA.m 
Cy,r,Vtotal,psi,W, theta, xi,thetaND,psiND, . . . 

sigma_r_top , sigma_r_bot ,yvc, maxs tress)  =  ... 

NLAct i veVal ve_Membr aneCas  e A (Pvm , Fvc , rvc , rvm , t  vm , Es i , nus i , f lagNL , No ) ; 
dVvm=Vtotal ;  dVte^S(2);  dVfluid=S(3) ;  dVtop=S(5); 
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check*  «  (dVvm  +  dVtop  -  dVte  -  dVfluid); 
•ad 


if  checkO* checkin  <*  0 
PKACl-PHACm; 
f irsthalf =1 ; 
else 

PHACO-PHACm; 
f irsthalf *0; 

end 

PHACm=0 . 5*  (PHAC0+PHAC1) 

end 

PHAOPHACa; 

XDQHE,  PHAC  solution  has  been  determined 


^Evaluate  all  parameters  for  last  value  of  PHACm 

U=[Ppis  PHPR  PHACm];  ^Vector  of  input  parameters 

Xto  compliance  matrix 

S*A*U’;  IS  is  the  vector  of  all  linear 

Xre sponses 

Fvc*Avc*(PKACa-PHPR);  Pvm*PHACm-PHPR ;  ^Define  these  loadings  for 
Xuse  in  HLActiveValve_MembraneCaseA.il 
[y ,r,Vtotal,psi,W, theta, xi, thetaND, psiND, . . . 

sigma_r_top,sigma_r_bot ,yvc,maxstresa]  *  .  . . 

NLAc t i veValve_MembraneCas  e A (P vm , Fvc , rvc , rvm , t  vm , Es i , nus i , f lagHL , Ho) ; 

Zte=S(l) ; 
dVte=SC2); 
dVfluid*S(3) ; 

Ztop=S(4) ; 
dVtop=S(6); 

Fvm*S(6); 

Zde*S(7); 

dVvm*Vtotal; 

Maxstreas*maxsi tress ; 

Zvc*yvc+Ztop; 

PKAC=PHACm; 


XDONE 
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D.1.2  Nonlinear  annular  plate  code 


function  £y,r,Vtotal,psi,W,theta,xi,thetaND,psiND,sigma_r_top,sigma_rJ>ot ,yvc,maxs tress]  . . . 
«  KLAct iveValve__MembraneCaseA(Pvm,  Fvc , rb , ra, t vm , E ,nu , f lagNL ,  No) 

/NLValveCapMembrane_CaseA . m 

•/David  C.  Roberta,  11-30-2000 

/This  Matlab  code  solves  for  the  non-linear  deflection  behavior  of  the  valve  cap 
•//membrane  under  loading  Pvm  and  Fvc.  The  deflection,  slope, 

/curvature,  swept  volume,  and  membrane  stress  are  calculated.  Case  A  refers  to  the 
/fact  that  we  are  applying  both  loading  inputs  Pvm  and  Fvc  and  determining  the 
/structural  response.  Prior  to  calling  of  this  code,  the  user  must  define  Pvm  and 
/Fvc  as  functions  of  PI,  P2,  and  PHAC.The  loadings  are  defined  as  follows: 

/  Pvm  =  pressure  differential  across  valve  membrane  =  PHAC-P2 
/  Fvcstar  =  force  seen  by  valve  cap  «  Avc*(PHAC-Pl) 

/The  plate/membrane  is  characterized  by  inner  radius  rb,  outer  radius  ra,  thickness 
Ztvm,  and  material  properties  E  and  nu. 

format  long; 


mxmmmxmmmmxmmxxxxxmsex 

/Convert  Inputs  to  Dimensionless  Qunatities 
P  ■  (Pvm*ra‘4)/(E*tvm~4);  /Dimensionless  loading  of  pressure 
/difference  across  cap/membrane 

F  =  (Fvc*ra~2)/(pi+E*tvnT4) ;  /Dimensionless  loading  due  to  additional 
/force  on  cap 

//////////// 


beta  =  sqrt((l-nu)/(l+nu))*(rb/ra) ; 

k  =  (ra/tvm)*sqrt((12*(l“nu~2)*No)/(E*tvm*(l~beta''2))) ; 
s  =  beta*k; 


mxmmmxxmmxxxmxxxxxxxxmmxxxxxxmxxxxxxxxmmxxxxxxxmxxxxxxxmxxxx 


//•/Section  2:  Define  grid  spacing  and  corrdinate  transformation  parameters 
//'/for  finite-difference  method 

mmxmmmxmmxmmxmxxxmmxmmmxxmmmxxxxxxxxmxxmxmmx 

Kpoint 3=200;  /The  total  #  of  grid  points  to  use  (MUST  KEEP  IT  EVEN) 
alpha=1.01 ;  /Grid  density  parameter 
phi=(alpha+l) / (alpha- 1) ;  /Grid  density  ratio 
hr  =  l/(Npoints-l) ;  /Size  of  grid  spacing 

eta  =  0:hr:l;  /Vector  of  evenly  spaced  points  between  0  and  1 


xi_b  =  rb/ra;  /Non-dimensional  position  of  inner  radius 

xi_c  =  (rb+ra)/(2*ra) ;  /Non-dimensional  position  of  midpoint  along  membrane 
xi__a  =  ra/ra;  '/Non-dimensional  position  of  outer  radius 

/For  the  grid  points  from  xi_b  to  xi_c,  define  the  derivatives  of  eta  with  respect  to  xi 
for  i=l :Npoints/2, 

xi(i)  =  xi_b  +  (alpha-l)*(xi_c-xi_b)*(phi-phi~(l-2*eta(i)))/. . . 

(l+phi*(i-2*eta(i))) ;  n 
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a  =  (alpha-1)* (xi_c-xi_b); 
a2  *  a*phi  -  a  4  2*xi_b; 

deta(i)  «  (0.6/log(phi))*(a*(l4phi))/( (m*phi-(xi(i)-xi_b))* . . . 
(»+(xi(i)-xiJj))); 

d2eta(i)  =  -(0.6/log(phi))*(a*(l4phi)*(m2-2*xi(i)))/. . . 

((m*phi-(xi(i)-xi_b))*(m4(xi(i)-xi_b)))~2; 

end 

XFor  tha  grid  points  from  xi_c  to  xi_a 
for  i*Hpoints/2+l :Npoints , 

xi(i)  ■  xijb  +  (alpha-l)*(xi_c-xi_b)*(phi-phi~(l-2*eta(i)))/. . . 

(l4phi"(l-2*eta(i))) ; 
a  *=  (alpha-1) *(xi_c-xi„b)  ; 
m2  *  a*phi  -  a  4  2*xi_b; 

deta(i)  *  (0.5/log(phi))*Cm*(l+phi))/((m*phi-(xi(i)-xi_b))*. . . 
(m+(xi(i)-xi_b))); 

d2eta(i)  *  -(0. 6/log(phi))*(a*(l4phi)*(m2-2*xi(i) ))/. . . 
((m*phi-(xi(i)~xi_b))*(a+(xi(i)-xi_b)))'2; 

end 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

XXXSection  3:  Finite-Difference  Implementation 
XCbased  on  Equation  ?-?  in  Chapter  2,  DCR  Thesis) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

txxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

XGoverning  equations  at  internal  points  (from  2  to  Npoints-1) 
for  i*2: Npoints-1, 

A(i,i-1)  »  (xi(i)*2*deta(i)“2)/(hr“2)  -  (xi(i)~2*d2eta(i) . . . 

♦  xi(i)*deta(i))/(2*hr); 

A(i,i)  *  ~(  (2*xi (i)“2*deta(i)~2)/(hr~2)  4  (s“2+l)  4... 
xi(i)“2*k“2  ); 

A(i,i4l)  *  (xi(i)“2*deta(i)-2)/(hr-2)  4  (xi(i)~2*d2eta(i)  4... 
xi(i)*deta(i))/(2*hr); 

B(i,i-1)  *  (xi(i)“2*deta(i)“2)/(hr~2)  -  (xi(i)“2*d2eta(i)  4  ... 

3*xi(i)*deta(i))/(2*hr) ; 

B(i,i)  *  -(2*xi(i)“2*deta(i)-2)/(hr-2); 

B(i,i4i)  *  (xi(i)“2*deta(i)~2)/(hr~2)  4  (xi(i)“2*d2eta(i)  4  ... 
3*xi(i)*deta(i))/(2*hr); 

C(i)  ■  6*(l-nu“2)*P*(xi(i)~3  -  xi(i)*(rb/ra)‘2)  4  6*(l-nu~2)*F*xi(i) 

end 


XBoundary  condition  equations  at  xij>  (grid  point  #1) 
A(1 ,1)  »  1; 

B(l.l)  «  -3*xi(l)*deta(l)/(2*hr)  4  (1-nu) ; 

B(1 ,2)  »  4*xi(l)*deta(l)/(2*hr); 

B(1 ,3)  *  -xi(l)*deta(l)/(2*hr); 

C(l)  *  0; 
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^Boundary  condition  equations  at  xi_a  (grid  point  #Npoints) 
A(Npoints, Npoints)  =  1; 

B (Npoints , Npoints-2)  =  xi (Npoints) *deta(Npoints) / (2*hr) ; 
B(Npoints,Npoints-l)  «  -4*xi (Npoints) *deta(Npoint s) / (2*hr) ; 

B  (Npoints,  Npoints)  =  3*xi (Npoints) *deta(Npoints)/(2*hr)  +  (1-nu); 
C(Npoints)  =  0; 


rammmmmmmmmmmmm mumm 
mnmmmmmmmnmm 

'/‘/'/Section  4:  Provide  an  initial  guess  for  the  theta  vector 
X(plate  slope),  to  be 

%'/'/used  in  the  finite-difference  iteration  procedure. 

mxmmmxxmmmmmxxxxxxxmxxxxxxxxxxxxxxxxx 

xmumrn 

if  k=0, 

Xtheta  =  (-0.75*(l-nu~2)*P*xi.*(l-xi .“2))  * ;  '/.Linear  result 
theta=xi, ; 
else 

theta=xi*; 

end 


mmmmmmxmnfflmm 

X'/ZSection  5:  Matrix  Manipulation  Procedure 

xmmmmxmmxnmxmxmmmxmmxxxxmxx 


Niterations=500;  ^Perform  up  to  500  iterations 

tolerancel-le-8; 

tolerance2=le-8 ; 

omega=0 . 45 ;  /Under-relaxation  parameter 
if  flagNL==l  /(This  variable  is  passed  into  file. 

NLoption=l;  J(0  =  Linear  solution;  1  =  NonLinear  solution 
else 

NLoption=0; 

end 

for  i=l:Niterations, 
i; 

for  j=2:Npoints-l  /Define  D  vector  for  each  iteration 
D(j)  =  -0.5*theta(j) .“2; 

end 

D(1)=0; 

D(Npoints)=0; 

Sr  =  inv(B) *D 1  *NLopt ion ;  '/Solve  for  Sr 

v_Sr  =  ^♦(l-nu^^xi* . ~2.*Sr;  '/Calculate  non-linear  correction  term  v_Sr 
A2  =  A  -  diag(v_Sr,0) ;  '/Substract  non-linear  correction  term  from  A 
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theta.new  *  inv(A2)*C';  XCalculate  new  theta  vector 

inner^product  *  (theta_nev’*theta)/sqrt (theta_new»*theta_new)/. . . 
sqrt (theta’* theta) ; 

length.ratio  *  sqrt(theta_nev’*theta_new)/gqrt (theta’ *theta) ; 

if  ( 1 - inner_pr oduc t )  >*  tolerancel  j  (l-length_ratio)  >»  tolerance2 
theta  *  (1 -omega)* that a  +  omega*theta_nev; 
else 

break; 

end 

end 


ixxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxxxxxxxxxxx 

XXXSection  6:  Calculate  Deflection,  Curvature,  Stress,  and 
XSwept  Volume  in  this 
XXXpost-processing  section. 

xmmmmmmxxxmxmrmtmmmxmmmmvmum 

xxxxxxxxxxxxxxxxxxxxxxxx 

XPLATE  DEFLECTION:  Calculate  plate  deflection  vector  from  the  final  theta  vector, 
Xusing  2nd-order  forward,  backward,  and  central  difference  methods  to  express 
Xtheta  in  terms  of  W.  Then,  using  matrix  inversion  to  obtain  the  vector  W. 
i*l;  XBC  at  rb 

Wmatrix(i.i)  -  deta(i)*(-3/(2*hr)) ; 

Wmatrix(i,i+1)  *  deta(i)*(2/hr) ; 

Wmatrix(i,i+2)  *  deta(i)*(-l/(2*hr)) ; 

for  i*2:Npoints-l  Xlnner  grid  points 
Waatrix(i,i-1)  *  deta(i)*(-l/(2*hr)) ; 

Wmatrix(i,i+1)  *  deta(i)*(l/(2*hr)) ; 
end 

XBC  at  ra  — >  Do  not  do  for  the  outer  boundary  condition.  We  already  know  that 
Xthe  deflection  at  ra  is  equal  to  zero. 

W  *  inv(Wmatrix(l:Npoints-l,l:Npoints-l))*theta(l:Hpoints-l); 

W* [W ; 0]  ; 

XDone 


XPLATE  CURVATURE:  Calculate  plate  curvature  vector  from  the  final  theta  vector, 
Xusing  2nd-order  forward,  backward,  and  central  difference  methods. 
i*l;  XBC  at  rb 

psi(i)  »  deta(i)*(l/(2*hr))*(-3*theta(i)  ♦  4*theta(i*-l)  -  theta(i+2)>; 

for  i*2:Npoints-l  Xlnner  grid  points 

psi(i)  «  deta(i)*(l/(2*hr))*(theta(i+l)  -  theta(i-l)); 

end 
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i=Npoints;  ftBC  at  ra 

psi(i)  =  deta(i)*(i/(2*hr))*(3*theta(i)  -  4*theta(i~l)  +  theta(i-2)) ; 
XDone 


JCPLATE  STRESS:  Calculate  the  stress  vectors  in  the  plate, 
for  i=l:Npoints 

Sro(i)  *=  (k“2/(12*(l-nu*2)))*(l  +  beta-2/(xi(i)“2)) ; 
sigma^r.topCi)  =  (E*tvm~2/ra~2)*(Sro(i)  +  Sr(i)  -  ... 

(l/(2*(l-nu~2)))*(psi(i)  +  (nu*theta(i)) ./xi(i))) ; 
sigma_rJt>ot(i)  =  (E*tvm“2/ra'*2)*(Sro(i)  +  Sr(i)  +  ... 
(l/(2*(l-nu“2)))*(psi(i)  +  (nu*theta(i)) ./xi(i))) ; 

end 

if  max(sigma_r..top)  >  max(sigma_r„bot) 
maxstress  =  abs(max(sigma_r_top)) ; 
else 

maxstress  =  abs(max(sigma_r_bot)) ; 
end 
XDone 


^CONVERSION  TO  NON.DIMENSIONAL  PARAMETERS 

r=xi*ra; 

y=W*tvm; 

thetaND=theta*tvm/ra;  XThis  non-dimensional  theta  is  dw/dr 
psiND=psi*tvm/(ra~2);  XThis  non-dimensional  psi  is  d2w/dr2 


5CPLATE  SWEPT  VOLUME:  Calculate  total  swept  volume  under  cap  and  membrane. 
V=0 ; 

for  i=l:Npoints-l 

dV(i)  =  pi*(r(i+l)-2-rCi)-2)*0.5*(y(i+l)+y(i)); 

V  =  V  +  dV(i) ; 

end 

yvc  =  yCl) ; 

Vcap  =  yvc*pi*rb~2; 

Vtotal  *s  Vcap  +  V; 

%Done 


166  D  Computer  code 


D.2  Matlab  code  used  for  data  analysis  and  computation 


x 

X 

X 

X 

X 


Lodevyk  Steyn 

Code  to  postprocess  the  HAC  data  taken 

Computes  the  atifnesa  matrix 

Reads  in  theoretical  data  as  generated 


in  October  2001 
by  Dave’s  code 


XXPolytec  Calibration  Factors: 
XX  for  50kPa  tests  — >  2um/V 
XX  for  lOOkFa  tests  — >  8um/V 
XX  for  150kPa  teats  —  >  8um/V 
XX  for  200kPa  tests  — >  20um/V 

clear  all; 
close  all; 


********* 


X  USER  INPUT 


XThe  psi_l  psi_2  matrix,  to  be  substracted  from  the  D  matrices. 
X  the  units  are  in  kPa/um 

psilpsi2E  *  C16.2  0 
0  16.4] 


psiipsi2T  =  [8.9  0 
0  17.5] 

X  Plotstage  X  For  the  2D  plots 
X  Set  to  the  following  values: 

X  1:  Just  experimental  data  and  curve  fits 

X  2:  Experimental  curve  fits,  no  error  bars,  and  theoretical  curves  added 
X  3:  Experiment,  model,  and  the  linear  lines 

Plotstage  *  3; 


X  number  of  plot  points  to  plot  for  the  model  values  on  the  curves 
nmodcorrpts  *  16; 

X  PKPR  Question 
X  Make  all  PHPR’s  negative? 

PHPRsgn  *  -1; 

X  Readflag 

X  Set  *  1  if  you  want  to  read  in  a  new  datacell,  or  to  0  if  you  want  to  load  the  old  one. 
Readflag  *  0 
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X  Read  model  data 

X  Set  ~  1  if  you  want  to  read  model  data. 

ModReadflag  *  0 

X  Mplotf lag 

X  Set  to  1  if  you  want  to  plot  all  the  time  histories 
Mplotf lag  =  0 

X  To  do  postprocessing  or  not 
Postprocflag  =  1; 

X  File  to  save  datacell  to 
vf ilename  =  *PisBValB_vorkf ile .mat  * 

vf ilename_mod  =  *PisBValB_workf ile.mod.mat * 

X  Number  of  channels  in  each  file 
Nchannels  =  4; 

chanlstr  =  'Pulse  Valve  Drive  Signal  1’; 
chan2str  =  'Piston  Displacement*; 
chan3str  =  'P_l'; 
chan4str  =  'P_2'; 

XNumber  of  files  to  read: 
nfilesl  =  6; 

5tArray  of  model  file  names  to  be  read 

modf ilearray  —  {'HAC10ValveData_Phpr0kPa_8um_6um.mat * 

*HAC10ValveData-Phpr92kPa_8um_6um .mat  * 

,HAC10ValveData_Phpr298kPa_8um_6um .mat  * 

*  HAClOValveDat  a_Phpr500kPa_8um_6um . mat  *  > 

X  Array  of  the  corresponding  PHPR's  for  the  model  files  “  NOTE  -  USE  THE  POSITIVE  VALUES!! 
modf ileP_HPR_S  =  [0 
92 
298 
500]; 

X  Change  the  sign  appropriately 

modf ileP_HPR_S  -  modf ileP_HPR_S*PHPRsgn; 

X  Caption  of  the  data  to  be  stored  in  the  model  cell  array 
modfilecaption  *  *PHAC  PPisvaryl  Zdel  Zvcl  maxstressl’ 


X  Polytec  Settings  for  each  file  X  Also  correct  for  index  of  recfraction 
PolytecFactors  =  [0.5/1.3745 
0.5/1.3745 
0.5/1.3745 
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8/1.3745 
8/1.3745 
8/1.3745] ; 


X  Values  to  shift  the  Polytec  Channels  by  to  get  the  correct  zero  values  (in  um) 
X  These  are  for  each  file,  and  are  obtained  after  the  first  run  of  this  code 
X  Substract!!  these  values  from  the  actual  data.... 

PolytecTshifts  *  [-0.16 
-0.26 
-0.05 
-0.06 
-0.026 
-0.05] 

xxmuummm 

X  Create  a  matrix  with  all  the  drive  element  XY  plots  to  be  done. 

X  Columns  are:  Coll:  File  *  Col2:  Start  time  in  Secs  Col2:  End  time  in  Secs 
DEplots  -  [3  24.4  26.9  X  OkPa  PHPR 

1  32.4  34.8  XI 00  kPa 

2  16.5  19  X  300 

3  16.4  19]  X  500 

DEsign  *  -1  X  To  make  Data  negative,  make  it  -1,  to  Make  it  Pos,  make  it  1 

VCplots  *  [5  8.6  11.7  X  OkPa 

4  13.4  16.6  X  100 

5  18.2  21.4  X  300 

6  18.2  21.4]  X500 

VCsign  *  1  X  To  make  Data  negative,  make  it  -1,  to  Make  it  Pos,  make  it  1 

X !  ! ! !  I  NOTE  We  compute  P  as  a  function  of  X,  and  not  the  other  way  around  • f | a • 

X  ! ! ! !  AND  THEN  WE  PLOT  THE  INVERSE  H ! ! ! 

X  Why -  Because  if  F  *  kl*x  +  k2*x~3,  it 

XDOES  NOT  MEAN  THAT  x  -  sl*F  +  s2*F“3  !!! 

X  Define  degree  of  polynomials  to  fit  to  the  respective  data 

DEPolydeg  *  3; 

DEPolydeg.err  *  3;  X  For  error  bars 
VCPolydeg  *  3; 


VCPolydeg.err  *  7;  X  For  error  bars 
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X  2D  XY  Plot  axis  limits 

j(************************************************************************* 
^************************************************************* ************ 

yde.lims  =  [-0.7  1.5] 

yvc_lims  =  [-13  13] 

xPde_lims  *  [-20  520] 

£******************************************* ***************************** 

X  20  and  30  plot  Axis  labels 

x* *********************************************************************** 

xPde.labl  =  ’P_l  (kPa)’; 
xPde_lab!3D  =  {’P_l  (kPa)’Jj 
yPhpr.labl  =  ’P_2  (kPa)’; 
yPhpr_labl3D  =  <’P_2  (kPa)’}; 
zde_labl  *  ’z_l  (  \mu  m)’; 
zvc_labl  =  ’z_2  (  \mu  m) ’ ; 

curvefract  =0.6  X  for  placing  labels  on  the  curves 

£************************************************************************* 

X* ***** ************ ******************** ********************************* 

X  2D  Plot  figure  properties 

£*********************************************************************** 

X  All  units  here  in  pixels 

Plotlpos  =  [200  200  700  500] 

Plotlaxpos  =  [65  65  570  380] 

Plotlunits  =  ’pixels  * 

Plotlf ontsize  =  14 
Plotllinevidth  =  2 


X  Plot  2  will  form  part  of  a  2-plot  set,  for  the  drive  element  and  the  valve 
Plot2pos  =  [250  250  500  500] 

Plot2axpos  =  [65  65  370  370] 

Plot2units  =  ’pixels’ 

Plot2fontsize  =  14 
Plot21inevidth  =  2 

X  Plot  r  is  for  the  raw  data 
Plotrpos  =  [150  100  700  700] 

Plotrunits  =  ’pixels’ 

Plotrfontsize  =  12 
Plotrlinevidth  =  2 
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X  Font  size  for  the  curve  legend: 
curvelegfntaiz  =  10 


X********************************************** 

X  Stiffness  matrix  parameters 

X********************************************** 

X  First  Value  of  valve  cap  deflection  to  use  in  um 
zVCsdefl  *  1; 

X  Second  value  of  valve  cap  deflection 
zVCadef2  «  -1 


X  Indices  of  the  DEplots  and  VCplots  to  use  for  computing  the  stiffness  matrix 
X  OHLY  2  allowed 
Exp.Kidxs  *  [2 
33; 

X  Indices  of  the  modfilearray  to  use  for  the  stiffness  matrix 
X  OKLY  2  Allowed 
Theo_Kidxs  =  [2 
33; 


£********************************************* 
X  End  Stiffness  matrix  parameters 
X************************* ******************** 


XN umber  of  points  to  plot  for  each  curve  fit 
ncfitpts  *  200; 

FitLwidth  *  1.6;  X  Linewidth  of  the  fitted  curves 

X  lumber  of  points  for  error  bars 
nerrbpts  *  7; 


XXXXXXXXX 

X  Static  pressure  sensor  calibration  factor 

SensPressFactl  »  6.894*100/4.9939;  X6.894  Pa/psi  ;  4.9939  V/lOOpsi  (Sensotec  FDDBR.2D5A6A,  769233) 


mmn 
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X  Static  Sensor  2  calibration  factor 

SensPressFact2  *  6.894*150/5.0111  X  Sensotec  FDW  150  psi  differential  sensor 


X  Define  a  color  vector  with  the  appropriate  colors  for  the  different  lines 
PColVect  =  ['r* 

'b» 

*c» 

»k>]; 


X********************************************************************************** 

X  3D  Plotting  Parameters 

x********************************************************************************** 

X  Number  of  points  to  use  for  the  functions  when  doing  the  surface  plots 
nfcnpts  *  200 

X  Number  of  points  per  axis  for  the  surface  plots 
n3dpts  »  20 

X  PPiston  values  for  surface  plots 
Ppismin  =  0 
Ppismax  =  500 

X  Note,  Phprmin  should  obey  the  sign  convention  -  IT  WILL  NOT  BE  AUTOMATICALLY  CORRECTED 
X  Phpr  values  for  surface  plots 
Phprmin  =  -500 
Phprmax  =  0 


X  END:  USER  INPUT 

x************************* ****************************************************** 
x******************************************************************************* 
x* ********************************************************************** ******** 


nmodfiles  =  sizeCmodfilearray, 1) ; 
if  Readflag  =  1 

X********************************************************************************* 
X  Section  :  Files  read 

x********************************************************************************* 

X  Open  the  files  to  generate  the  appropriate  plots] 


fid_v  =  zeros (nfiles 1,1) 
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X  File  li 

fid_v(l,l)  *  fopen(»HACDev3Fil3  J>isBJM>is500kPa_PHPR100kPa_05umVJlunl .txt* , »r ») ; 
fid_v(2,l)  -  fopen(’HACDev3Fil3_PisB_PPis600kPa_PHPR300kPa_ 05umV_Runl.txt \*r*); 
t id_v(3,l)  «  fopenC *HACDev3Fil3_PisB  J>Pis500kPa_PHPR500kPa..05umV_Runl  .txt »,*r ») ; 
f id_v(4 ,1)  *  fopenC ’HACDev3Fil3_ValvB_PPis500kPa_.PHPR100kPa_8umV_Mem7_Runl . txt  * , * r  * ) ; 
f id_v(5 , 1)  -  fopenC  *HACDev3Fil3_ValvB_PPis500kPa_PHPR300kPa_8umV_Mem7Jlunl . txt  * , »r  * )  ; 
f id_v(6 , 1)  -  fopenC  »HACDev3Fil3JfalvB_PPis500kPaJ»HPR500kPa_8umV_Mem7Jlunl  .txt > , »r * ) ; 

X  Read  tha  sampling  ratas  in  Scans  par  aacond 

X  Create  a  call  array  with  tha  same  amount  of  columns  as  tha  number  of  files 
DataCall  «  call(3,nfilasl) ; 
for  il  «  1 :nf ilesl 

tDataCell{l,il}  countl]«f scanf (fid.v(il.l) , »*e* , [1  1]);  %  Get  tha  scanrate  for  each  file 

and 


X  Read  the  data  into  the  call  array 
for  il  =  l:nf ilesl 

[A  countl]*faeanf  (f id_v(il,l)  , *%e\  CNchannels  inf]); 
f close Cfid.vCil, 1)) ; 

DataCell{2,il}  ■  A*;  X  Assign  the  appropriate  column  in  the  dataset  to  the  file 
Xnuaber  read  in  above 


save Cvfilename, 'DataCall ’); 

else 

loadCvf ilename) ; 


and 


X  Read  Model  Files 


if  ModReadflag  **  1 
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X  Import  appropriate  data  from  NL  code 

^******#****************>1^********************************************************** 

£***********************************♦*********************************************** 

X  Create  a  cell  array  that  will  store  all  the  data  of  all  of  the 
X  model  files  in  a  single  structure 

ModelCell  =  cell(2fnmodf iles) ; 

X  Load  the  appropriate  model  files 

XYour  variables  are: 

XPHAC1  Pvaryl  Zdel  Zvcl  maxstressi 

for  il  =  l:nmodfiles 

load(modf ilearray{il ,1}) ;  X  Load  the  model  file\ 
nptsmod  =  size(PHACl,2) ;  X  Compute  #  of  points  in  the  file 

A  ~  zeros (nptsmod, 6) ; 

A(:  ,1)  =  PHAC1V1000;  X  Get  the  p[ressure  in  kPa 

A(:,2)  =  PvarylVlOOO;  X  Get  the  pressure  in  kPa 

A(: ,3)  =  Zdel **le6;  X  Get  it  in  um 

A(:,4)  «  Zvcl,*le6;  X  Get  it  in  um 

A(:,5)  =  maxstressi '/le6;  X  Get  the  stress  in  MPa 

ModelCell{l,il>  *  modfile caption; 

ModelCell{2,il>  =  A; 

end 


}{**************************************************** 
X  All  Model  Files  Loaded 

%**************************************************** 
saveCwf ilename_mod, * Mode ICell* ) ; 
else 


load(wf ilename_mod) ; 

end 


X********************************************************************************** 
X  Set  the  time  Vectors 

%********************************************************************************** 


X  Define  the  time  interval 
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for  il  *  1 : iif ileal 

dTl  *  1/DataCell-fl ,il}-;  X  Gat  tha  icanrata  for  the  file  under  inspection 

npts  «  si2e(DataCell{2,il},l); 

Tiael  *  zeros (npts, 1) ; 

for  i2*l:npts 

Timel(i2,l)«dTi*i2; 

end 

DataCell{3,il>  *  Timel; 


X  Time  Vectors  Set 

%******+******++***+****+*+*+*+i'++m**im+++*mmmmml¥rmmmmmmm 


X  Scale  the  data  appropriately  -  convert  the  voltages  into  Data 
Jt*MMM«M***MMM«*MM*MM*MM**MM*«**M**«*M*«M*«**M**M* 


for  il  «  l:nf ilesl 
A  «  DataCell{2,il>; 

A(:,2)  ■  A(: ,2)*PolytecFactors(il ,1) ; 
A(:,3)  *  A(: ,3)*SensPressFactl ; 

A( : ,4)  *  A(: ,4) *SenaPressFact2 ; 

DataCell{2,ii>  =  A; 

end 


X**  **♦****+******+♦****♦***♦♦***********************,»  ********************** 
X  Data  Scaled 

x* ****************************************** ********* ********************** 


*************** 


X  Adjust  DC  offsets  on  the  Sensotec  pressure  transducers  and  also  the  Polytec 


for  il  =  1 :nf ileal 
A  =  DataCell-C2.il)-; 
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A(:,2)  =  A(:,2)  -  PolytecYshifts(il, 1) ; 
A( : ,3)  =  AC: ,3)  -  min(A(:,3)); 

A(;  ,4)  *  A(:,4)  -  min(A(:,4)); 

DataCell-(2,il3-  «  A; 
end 


^fr**************************^********************************************** 

X  DC  Offsets  Adjusted 

£************************************************************************** 


Jf******^***************^**********^********************^******************** 
X  Plot  results  for  each  file 

£*************************************************************************** 
if  Mplotflag  “  1 

X  Set  up  the  figure  handles  for  these  plots; 

hmplots  =  zeros (nf ilesl, 1) ; 
hmsubplots  =  zeros (nf iles 1,4) ; 
hmsubhandls  *s  zeros (nf ilesl, 4) 
xlabh  =  zeros(nfileslf4) ; 
ylabh  ■  zeros (nf ilesl ,4) ; 
tith  =  zeros (nf ilesl ,4) ; 


for  il  =  l:nf ilesl 

A  =  DataCell{2,il>; 

Timel  =  DataCell{3,il>; 

hmplots (il ,1)  =  f igureC* color’ , ’w* , ’position' ,Plotrpos) ; 

hmsubplots ( il , 1)  -  subplot (2,2, 1) ; 

hmsubhandls (il,l)  =  plot (Timel ,A( : ,1) ) ; 

Xgrid 

xlabh(il,l)  =  xlabeH’Time  (s)’) 
ylabh(il,l)  =  ylabel( ’Voltage  (V)’) 
tith(il,l)  =  title (chanlstr) 

hmsubplots (il, 2)  =  subplot (2, 2, 2) ; 
hmsubhandls (il, 2)  =  plot (Timel ,A( : ,2)) ; 

*Xgrid 

xlabh(il,2)  =  xlabel(’Time  (s)’) 

ylabh (i 1,2)  =  ylabel (’Deflection  (\mu  m)’) 

tith(il,2)  =  title (chan2str) 
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hasubplots(il,3)  «  subplot (2,2,3) ; 
hasubhandlsCil ,3)  *plot (Tiael , A( : ,3)) ; 

Xgxid 

xlabh(il,3)  *  xlabelOTiae  (s)') 
ylabh(il,3)  «  ylabel(# Pros sure  (kPa)') 
tith(il ,3)  »  title (chan3str) 

hasubplots(il ,4)  »  subplot(2,2,4) ; 
hasubhandlsCil, 4)  ■  plot (Timel ,A( : ,4)) ; 

Xgrid 

xlabhCil.4)  «  xlabel(»Tiae  (s)’) 
ylabh(il,4)  *  ylabal( ’Pressure  (kPa)O 
tith(il,4)  •  title(chan4str) 

end 

X  Make  the  plots  pretty: 

set(hmsubplots , * fonts ize* .Plotrfontsize , 'linewidth* .Plotrlinewidth) 
set (hmsubhandls , *  color  * , *  k 3 ) j 

set (xlabh, 'fontsize* .Plotrfontsize) ; 
setCylabh, 'fontsize* .Plotrfontsize) ; 
set(tith, 'fontsize* .Plotrfontsize) ; 


X  Make  the  two  X-Y  plots 


X  Detemine  the  length  of  the  plot  color  vector 
ncolors  *  size(PColVect ,1) ; 


X  DE  plots 

ft*************************  4444^  ^ 


X  Create  a  cell  array  with  all  the  XY  data  for  the  respective  plots 
nDEplt  *  size(DEplots ,1) ; 


DEJCYCell  *  cell (2, nDEplt); 
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hll  =  figure ('color * , 'w') ; 
hlla  =  axes ('box* , ’on' ) ; 

DElinehandl  «  zeros (nDEplt.l); 

for  il  =  1 : nDEplt 

dat.idx  =  DEplots(il,l) ; 

X  Load  the  appropriate  time  data 
A  =  DataCell{2,dat_idx>; 

Timel  «  DataCell{3,dat_idx>; 

npts  =  size (Time 1, 1) ; 

tl  =  DEplots(il,2) ; 
t2  =  DEplots(il ,3) ; 

tmax  =  Timel (npts, 1) ; 

X  Approximate  the  data  indices 
dat_idx_l  =  floor (tl/tmax*npts) ; 
dat_idx_2  =  floor (t2/tmax*npts) ; 


P_Save  =  A(dat_idx_l:dat_idx_2,3) ; 

Delta_Save  =  DEsign*A(dat_idx_l :dat_idx_2,2) ; 

A_Save  =  [P_Save  Delta_Save] ; 


PHPR_Save  *  mean(A(dat_idx_l  :dat_idx_2 ,4) ) ;  '/.  Define  the  average  value  of  PHPR 

DE_XYCell{l,il>  *  PHPR_Save*PHPRsgn;  X  Sign  Change 
DEJCYCell{2,il}  =  A.Save; 

X  Get  a  color  index  for  this  plot 

col.idx  =  ceil(((il/ncolors)  -  floor(il/ncolors))*ncolors) ; 
axes (hi la) ; 

DElinehandl(il,l)  =  line(P_Save,Delta_Save , 'color* ,PColVect (col_idx,l)) 
end 


Xxlabel( 'Pressure  (kPa)*); 
Xylabel( 'Deflection  (um)'); 
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X  VC  plot* 


X  Create  a  cell  array  with  all  the  XY  data  for  the  respective  plots 

nVCplt  *=  size (VCplots, 1); 

VC.XYCell  *  cell (2, nVCplt) ; 

h22  ■  f  igure(*  color  *v*) ; 

h22a  *  axes ('box' , ’on') ; 

VClinehandl  ■  zeros (nVCplt, 1); 

for  il  «  1: nVCplt 

dat.idx  *  VCplots (ii ,1) ; 

X  Load  the  appropriate  tine  data 
A  *  DataCell{2,dat_idx>; 

Tinel  *  DataCell{3, dat_idx>; 

npts  ■  aize(Timel  ,1) ; 

tl  •  VCplots(il,2) ; 
t2  *  VCplots (il, 3); 

tmax  ■  Tinel (npts,l); 

X  Approximate  the  data  indices 
dat_idx_l  ■  f loor(tl/tmax*npts) ; 
dat_idx_2  *  floor (t2/tmax*npts) j 


P_Save  *  A(dat_idx_l :dat_idx_2,3) ; 

Delta.Save  *  VCsign*A(dat_idx_l :dat_idx_2,2) ; 

A_Save  *  CP.Save  Delta.Save] ; 


PHPR_Save  *  mean(A(dat_idx_l:dat_idx_2,4)) ;  X  Define  the  average  value  of  PHPR 

VC_XYCell{l,il}  «  PHPR_Save*PHPRsgn;  X  Sign  change 
VCJCYCell{2,il>  *  A_Save ; 


X  Get  a  color  index  for  this  plot 

col.idx  *  ceil( ((il/ncolors)  -  f loor(il/ncolors))*ncolors) ; 


axes (h22a) ; 
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VClinehandl ( il , 1)  =  line (P„Save , Delt a.Save , *  color * , PColVect (col.idx, 1 ) ) 


end 

Xxlabe 1 ( * Pressure  (kPa)O; 
Xylabel(’Def lection  (um)’)j 


£************************************************************************************** 
X  XY  PLOTS  COMPLTETED 

£*********jm***»********************************************************************** 


X  Now  we  have  the  data  for  the  XY  plots 

£***********************************************^**********^************************ 

X  Perform  Curve  fits  on  all  the  XY-plots 
X  We  perform  2  types  of  curev  fits 

X  One  PROPER  one,  to  be  used  for  further  computation 
X  And  one  inverse  (incorrect)  one,  to  be  used  for 
X  making  errorbars 

)£****************** ***** ************************* ****** ************** *********** ******** 
X  Drive  elements 

X  Create  a  cell  array  with  two  rows:  One  for  the  polynomial  coeficients  and  one 
X  for  the  regression  correlation  structure 
DEJ>olyCell  =  cell(4,nDEplt) ; 

DE_PolyCell_wrong  =  cell (2, nDEplt ) ; 

DEfithandl  *  zeros(nDEplt , 1) ; 

DEebarhandl  “  zeros (2, nDEplt ) ;  X  Error  bars  have  2  handles,  one  for  the  bars,  and  one  X 
for  the  line 

DElabhdl  =  zeros (nDEplt , 1) ; 

for  il  =  1: nDEplt 

X  Load  the  XY  data 
A  *  DE_XYCell{2,il>; 


X  Fit  a  curve  to  it 

X! ! ! ! !  NOTE  We  compute  P  as  a  function  of  X,  and  not  the  other  way  around  !!!!! 

X  !!!!  AND  THEN  WE  PLOT  THE  INVERSE  ! * ! * ! 

X  Why _  Because  if  F  *  kl*x  +  k2*x~3,  it  DOES  NOT  MEAN  THAT  x  =  sl*F  +  s2*F“3  !!! 

[P,S]  -  polyf it(A( : ,2) , A( : ,1) ,DEPolydeg) ;  X  Linear  fit  for  this  data 

XStore  this  data  into  the  new  cell  array 


DE_PolyCell{l,il>  =  P; 
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DE_PolyCell{2, il>  «  S; 


X  Also  fit  the  inverse  curve,  but  this  is  not  so  nice. 
[P.S]  «  polyf it (A( : , 1) , A(: ,2) ,DEPolydeg_err) ; 

XStore  this  data  into  the  nev  cell  array 

DE_PolyCell_wrongO*il>  *  P; 

DE_PolyCell_vrong{2,il>  *  S; 


X  Determine  the  x-limits  for  this  plot 

xmin  *  min(A( : ,2)) ; 
xmax  *  max(A( : ,2))  ; 

X  Create  an  x-vector  with  the  appropriate  number  of  points 
Xvect  *  linspace(xmin,xmax,ncfitpta); 

X  Create  y  -vector  with  the  correct  curve  fit 

[Yvect .delta]  *  polyval (DE_PolyCell<l , ii> , Xvect ,DE_PolyCell{2 , il» ; 

X  Perform  plot  on  the  previous  axes 

col-idx  «  ceil(((il/ncolors)  -  floor(il/ncolors»*ncolors)  ; 

axes(hlla) ; 
hold  on; 

X  Plot  the  fit  on  the  axes 

DEf ithandl (il , 1)  *  line (Yvect .Xvect . ’color’ , PColVect (col_idx ,1) , ’linewidth’ .FitLwidth) 


X  Store  PHPR  and  the  domain 

P_hpr_x  *  DE_XYCell-d.il>;  X  Also  extract  the  corresponding  PHPR 

DE_PolyCell{3.il>  *  P_hpr_x; 

DE_PolyCell{4, il>  *  (xmin  xmax]; 
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j£*************************************************************** 

£*************************************************************** 

^************************************** ****** 

%  Place  text  on  the  curves  for  each  P2  (PHPR) 

ctextl  -  strcat  .strcat (num2str(modfileP_HPR_S(il,l) , *X4.0f ') , *kPa*)) ; 

DElabhdlCil , 1)  *  curvelabel2(ctextl,hlla,xPde_limsfyde„lims,curvefract,Yvect ,Xvect) ; 
£****************************************** 

%  Create  the  error  bar  plot 
xemin  *  min(A(:,l)); 
xemax  =  max(A(:,l)); 

Xv_err  =  linspace (xemin, xemax, nerrbpts) ;  X  Use  inverse  data  for  error  bars 
[Yv_err,Edelta]  =  polyval(DE_PolyCell_wrong-Cl,il},Xv_err,DEJ,olyCell_wrong{2,il» ; 

DEebarhandl( : ,il)  »  errorbar(Xv_err ,Yv_err,Edelta) 

set (DEebarhandl(l ,il) f 'color* ,PColVect(col_idx,l) , 'linewidth* .FitLwidth) ; 
delete (DEebarhandl(2, il)) ;  X  Delete  the  lines  from  the  errobar  plot 


X  Valve  Caps 

X  Create  a  cell  array  with  two  rows:  One  for  the  polynomial  coeficients  and  one 
X  for  the  regression  correlation  structure 
VC.PolyCell  =  cell(4,nVCplt) ; 

VC_PolyCell_wrong  =  cell(2, nVCplt) ; 


VCfithandl  =  zeros(nVCplt,l) ; 

VCebarhandl  =  zeros(2,nVCplt) ;  X  Error  bars  have  2  handles,  one  for  the  bars,  and  one  for 
Xthe  line 

VClabhdl  =  zeros (nVCplt, 1) ; 

for  il  =  1: nVCplt 

%  Load  the  XY  data 
A  =  VC_XYCelH2,il>; 
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X  Fit  a  curve  to  it 

XH!!!  NOTE  We  compute  P  as  a  function  of  X,  and  not  the  other  way  around  !!!!! 

X  HI!  AND  THEN  WE  PLOT  THE  INVERSE  Hi!! 

X  Why....  Because  if  F  -  kl*x  +  k2*x“3,  it  DOES  NOT  MEAN  THAT  x  •  sl*F  +  s2*F~3  !!! 
CP.S]  «  polyfit(A(: ,2),A(: ,1) .VCPolydeg) ;  X  Linear  fit  for  this  data 

XStore  this  data  into  the  new  cell  array 

VC_PolyCell{l,il}  ■  P; 

VC_PolyCell{2,il>  *  Sj 


X  Also  fit  the  inverse  curve,  but  this  is  not  so  nice. 

[P.S]  =  polyfit(A(: ,1) ,A(: f2) ,VCPolydeg_err) ; 

XStore  this  data  into  the  new  cell  array 

VC_PolyCell_wrong{l , il>  «  P; 

VC_PolyCell_wrong{2,il}  *  Sj 


X  Determine  the  x-liaits  for  this  plot 

xmin  *  min(A(: ,2)) ; 
xmax  *  max ( A ( : ,2)); 

X  Create  an  x-vector  with  the  appropriate  number  of  points 
Xvect  «  linspace (xmin, xmax, ncf itpts) ; 

X  Create  y  -vector  with  the  correct  curve  fit 

tYvect, delta]  *  polyval(VC_PolyCell{l , il}, Xvect ,VC_PolyCell{2,il» ; 

X  Perform  plot  on  the  previous  axes 

col.idx  «  ceil(( (il/ncolors)  -  floor(il/ncolors))*ncolors) ; 

axes(h22a) ; 
hold  on; 

X  Plot  the  fit  on  the  axes 

VCf ithandlCil , 1)  «  line(Yvect, Xvect, 'color* ,PColVect(col_idx,l) , »linewidth» ,FitLvidth) 


X  Store  PHPR  and  the  domain 

P_hpr_x  *  VC_XYCell{l,il};  X  Also  extract  the  corresponding  PHPR 
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VC_PolyCell{3,il}  =  P_hpr_x; 

VC_PolyCell{4,il}  =  [xmin  xmax] ; 

X*  *  *  *  *  *  *  *  **  ***  *  **  *  *  *  *  *  *  *  *  *  **  *  *  *  *  *  *  *  *****************  **  *********  * 
%*************************************************************** 

X******************************************** 

%  Place  text  on  the  curves  for  each  P2  (PHPR) 

ctextl  =  strcat  C’PJ2=’ , s treat (num2str(modfileP_HPR_S(i 1,1)  ,  ’544. Of  ’)  ,  ’kPa’))  ; 

VClabhdl ( il , 1 )  ‘ »  curvelabel2 (ct ext 1 ,h22a, xPde_lims , yvc_lims , curvef ract , Yve c t , Xvect ) ; 
%*  *********** *********************** ******* 

X  Create  the  error  bar  plot 
xemin  =  min(A(:,l)); 
xemax  =  max(A(:,l)); 

Xv_err  =  linspace (xemin, xemax, ne rrbpt s) ;  X  Use  inverse  data  for  error  bars 
[Yv_err,Edelta3  =  polyval(VC_PolyCell_vrong{l,il},Xv_err,VC_PolyCell_vrong{2,il}) ; 

VCebarhandl( : ,il)  =  errorbar(Xv_err,Yv_err,Edelta) 

set ( VCebarhandl (1 , il) , *  color’ ,PColVect (col.idx, 1) , ’linewidth’ ,FitLwidth) ; 
delete (VCebarhandl(2, il) ) ;  X  Delete  the  lines  from  the  errorbar  plot 


end 


%*******************************:M******************************************  ************** 
^***** ******** ****************************** *********************************************** 
X  Overplot  the  model  over  the  measured  data 

fa***************************************************************************************** 

^***************************************************************************************** 


DEmodhandl  =  zeros (nmodfiles , 1) ; 
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VCmodhandl  «  zeros (nmodf iles.l) ; 
for  il  *  1; nmodf ilea 

X  Retrieve  Data  from  the  cell  array: 


A  *  HodelCell{2,il>; 

X  Resample  the  model  data  to  reduce  the  number  of  points,  or  otherwise 
X  the  plots  will  be  garbage  in  BAW 

X  get  the  x-vector ; 

Xvecfop  *  A( : ,2) ; 

Yveclfop  «  A(: ,3) ; 

Yvec2fop  «  A(: ,4) ; 

xfopmin  ■  min(Xvecf op) ; 
xf opmax  *  max(Xvecfop) ; 

Xfopred  ■  (1 inspace (xfopmin, xf opmax, nmodcorrpta)) * ; 

Yfoplred  *  interpl (Xvecfop, Yveclfop, Xfopred, *  spline') ; 

Yfop2red  «  interpl (Xvecfop, Yvec2fop, Xfopred, 'spline') ; 

X  Set  the  DE  axes 
axes(hlla) ; 

DEmodhandl ( i 1 , 1 )  *  line(Xfopred, Yfoplred, 'color* , 'k' , 'linestyle * , *-» ,*linewidth* ,0.8. 
, 'marker* , 'p' , 'markersize* ,5) ; 

&xes(h22a) ; 

VCmodhandl (i 1,1)  «  line(Xfopred,Yfop2red, 'color 'k' , 'linestyle 'linewidth* ,0.8. 
, 'marker* , *p’ , 'markersize* ,6) ; 


end 


X  Next  steps: 

X  1.  Do  curve  fits  on  the  theoretical  data,  and  get  the  appropriate  polynomials 

X  2.  Compute  the  small  deflection  stiffness  matrices  -  EASY!!!,  because  we  already  have 
X  the  curve  fits,  where  P  *  f(z)  -  just  keep  z  small!! 


X  Perform  curve  fits  on  the  theoretical  data  from  Dave's  curves 
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j^************************************************************************ 

%**♦********************************************************************* 


X  Create  a  cell  array  with  two  rows:  One  for  the  polynomial  coeficients  and  one 
X  for  the  regression  correlation  structure 
DE_PolyCell_mod  -  cell(4,nmodf iles) ; 

XDE_PolyCell_wrong_mod  =  cell(2,nmodf iles) ; 

VC_PolyCell_mod  =  cell(4,nmodf iles) ; 

XVC_PolyCell_wrong_mod  =  cell(2,nmodf iles) ; 


for  il  =  l:nmodfiles 


%  Load  the  appropriate  model  data 
A  *  ModelCell{2,il>; 

XRemember:  A  has  the  following  column  structure: 

X  PHAC  Pvaryl  zDE  zVc  stress 

X  Fit  a  curve  to  the  Driv  e  element,  and  then  the  valve  cap: 

XMH!  NOTE  We  compute  P  as  a  function  of  X,  and  not  the  other  way  around  !!!!! 

X  H  ! !  AND  THEN  WE  PLOT  THE  INVERSE  IMS! 

X  Why....  Because  if  F  =  kl*x  +  k2*x“3,  it  DOES  NOT  MEAN  THAT  x  =  sl*F  +  s2*F*3  !!! 
CP,S]  *  polyfit(A(:,3),A(:,2),DEPolydeg);  X 

XStore  this  data  into  the  new  cell  array 

DE_PolyCell_mod-Cl,il>  *  P; 

DE_PolyCell_mod{2,il}  =  S; 

X  Now,  we  have  to  find  the  domain  for  this  one 

xmin  =  min(A(: ,3)) ; 
xmax  =  max(A(:,3)); 

^***************** ************************************************* 

X  Store  PHPR  and  the  domain 

P_hpr_x  «  modfileP_HPR_S(il,l) ;  X  Also  extract  the  corresponding  PHPR 

DE_PolyCell_mod{3,il>  =  P_hpr_x; 

DE_PolyCell_mod{4,il>  =  [xmin  xmax]; 


%*************************************************************** 
X******** ************************************************ ******* 
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X  Also  fit  the  valve: 

[P.S]  «  polyfit(A( : ,4) ,A( :  ,2) .YCPolydog) ;  *  Linear  fit  for  thi.  data 

XStore  this  data  into  the  nev  cell  array 

VC_PolyCell_»od{l,il>  «  p; 

VC_PolyCell_mod{2,il}  *  S; 


X  Nov,  ve  have  to  find  the  domain  for  this  one 

xmin  *  min(A( : ,4)) ; 
xmax  «  max(A( : ,4)) ; 


X*****************************ee**e************************e******,* 

X  Store  PHPR  and  the  domain 

P-hpr.x  *  modf ileP_HPR_S(il , 1) ;  X  Also  extract  the  corresponding  PHPR 

VC_PolyCell_aod{3 , il}  *  P_hpr_x; 

VC_PolyCell_mod{4, il}  *  [xain  xmax]; 


X********************************************** 


***************** 


end 

3£*********************^*+**1********+e********************************* 

X******************************************,^^^^^^^^^^^^ 
X  Mow,  ve  have  all  the  fitted  curves  of  P(z). 

Xm*mm*m*«**m*m*m*m«***m*mm**m**mmm*m*mm**m*m*m** 
x************************* ********* *************************** *******^# 

X  Note,  ve  vill  now  change  the  signs  to  keep  everything  consistent 


X  Let  us  compute  the  pressures  corrsponding  to  the  valve  cap  deflection  specified 
X  in  the  USER  INPUT  section 


Pccefs  =  VC„PolyCelHl,Exp_Kidxs(l,l)> 
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JC  Compute  the  first  drive  element  pressure 
PDE1  «  polyval(Pcoefs,zVCsdefl) 

1C  Now  determine  the  PHPR,  based  on  the  average  between  the  PHPR 
%  taken  for  the  measurement  on  the  valve,  and 
X  that  of  the  measurement  taken  on  the  drive  element. 

PHPR1  *  (DE_XYCell{lfExp_Kidxs(l,l)}  +  VC_XYCell{l ,ExpJCidxs(l ,l)})/2 

X  also,  detemine  the  zDE  corresponding  to  this  zVC 

Pcoefs  =  DE_PolyCell{l,Exp_Kidxs(l,l)> 

JC  subtract  PDE1  from  the  constant  term,  to  find  the  root. 
size_poly  =  size (Pcoefs ,2) ; 

Pcoefs (l,size_poly)  =  Pcoefs (l,size_poly)  -  PDE1 
zDE_s  =  roots (Pcoefs) 

1C  Now  we  have  to  pick  the  correct  root. 

zDEidx  =  input ( ’Please  type  in  the  index  of  the  correct  zDE  in  the  matrix  above...’) 

1C  Nov  assign  zDE 
zDEsdefl  -  zDE_s (zDEidx, 1) ; 


^*************************************************************** 
1C  Second  Experimental  pressure  condition 

5£*************************************************************** 


Pcoefs  =  VCJPolyCell{l,Exp_Kidxs(2,i)} 

1C  Compute  the  first  drive  element  pressure 
PDE2  -  polyval(Pcoefs,zVCsdef2) 

1C  Now  determine  the  PHPR,  based  on  the  average  between  the  PHPR 
1C  taken  for  the  measurement  on  the  valve,  and 
X  that  of  the  measurement  taken  on  the  drive  element. 

PHPR2  ^  (DEJCYCell{l,ExpJ(idxs(2,l)}  +  VC_XYCell{l,ExpJUdxs(2,l)»/2 

1C  also,  detemine  the  zDE  corresponding  to  this  zVC 

Pcoefs  =  DE_PolyCell{l , Exp_Kidxs (2,1)} 

1C  subtract  PDE1  from  the  constant  term,  to  find  the  root. 
size_poly  =  size(Pcoef s ,2) 

Pcoefs (1 ,size_poly)  =  Pcoef s(l,size_poly)  -  PDE2 
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zDE.s  *  roots(Pcoefs) 

X  How  we  have  to  pick  the  correct  root. 

zDEidx  *  Input (’Please  type  in  the  index  of  the  correct  zDE  in  the  matrix  above. 

X  How  assign  zDE 
zDEsdef2  «  zDE.s(zDEidx,l); 


X* ************* ****** ************* ********** *********************** 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Assign  the  matrices  to  solve  for  BOTH  Stiffness  AND  COMPLIANCE 

Press.EXP  »  [PDE1 
PHPR1 
PDE2 
PKPR2]  ; 

Defls.EXP  «  [zDEsdef 1  zVCsdefl  0  0 
0  0  zDEsdef 1  zVCsdefl 
zDEsdef 2  zVCsdef2  0  0 
0  0  zDEsdef 2  zVCsdef2] ; 

Dvect.EXP  *  [zDEsdef 1 
zVCsdefl 
zDE8def2 
zVCsdef2] ; 

Paatx.EXP  *  [PDE1  PHPR1  0  0 
0  0  PDE1  PHPR1 
PDE2  PHPR2  0  0 
0  0  PDE2  PHPR2] ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


Betas. EXP  «  inv(Def ls_EXP)*Press_EXP 
Svect.EXP  *  inv(Pmatx_EXP)*Dvect_EXP 

epsilon.EXP  «  (zDEsdef 1-zDEsdef 2) /(zDEsdef 2) 

delta. EXP  -  (zVCsdef l-zVCsdef2)/(zVCsdef2) 

•psilon2_EXP  *  (PDE1 -PDE2) /PDE1 
delta2_EXP  *  (PHPR1-PHPR2)/PHPR1 


************* 


£*****************************„*, ********** *************************** 


X  DO  THE  SAME  FOR  THE  THEORETICAL  DATA 
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^*************^^**:»^#****^#*****^*********************************** 

Pcoefs  =  VC_PolyCell_mod{l ,Theo_Kidxs (1,1)} 

X  Compute  the  first  drive  element  pressure 
PDE1  =  polyval(Pcoefs,zVCsdefl) 

X  Nov  determine  the  PHPR,  from  user  input 

PHPR1  =  modfileP_HPR_S(Theo_Kidxs(l,l) ,1) 

X  also,  detemine  the  zDE  corresponding  to  this  zVC 

Pcoefs  ~  DE_PolyCell_mod{l,Theo_Kidxs(l,l)>; 

X  subtract  PDE1  from  the  constant  term,  to  find  the  root. 

size.poly  =  sizeCPcoef s ,2) ; 

Pcoefs (l,size_poly)  *  Pcoefs(l,size_poly)  -  PDE1; 
zDE_s  =  roots (Pcoefs) 

X  Nov  ve  have  to  pick  the  correct  root. 

zDEidx  *  input ( 'Please  type  in  the  index  of  the  correct  zDE  in  the  matrix  above...*) 

X  Nov  assign  zDE 
zDEsdefl  =  zDE_s (zDEidx, 1); 

^*************************************************************** 

X  Second  THEORETICAL  pressure  condition 
%*************************************************************** 

Pcoefs  «  VCJ>olyCell_mod{l,Theo_Kidxs(2,l)} 

X  Compute  the  first  drive  element  pressure 
PDE2  =  polyval (Pcoefs , zVCsdef 2) 

PHPR2  =  modfileP_HPR_S(Theo.Kidxs(2,l),l) 

X  also,  detemine  the  zDE  corresponding  to  this  zVC 

Pcoefs  =  DE_PolyCell_mod{l,Theo_Kidxs(2,l)}; 

X  subtract  PDE1  from  the  constant  term,  to  find  the  root. 

size.poly  =  size (Pcoefs ,2) ; 


Pcoefs (l,size_poly)  »  Pcoefs (l,size_poly)  -  PDE2; 
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zDE_*  *  roots (Pcoefs) 

%  How  ve  have  to  pick  the  correct  root. 


zDEidx  *  input  (Please  type  in  the  index  of  the  correct  zDE  in  the  matrix  above 


X  Now  assign  zDE 

zDEsdef  2  «  zDE_s(zDEidx,l); 


X****************************++*****+****+m*mmmmmmm 


mxxxxxxxxmxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Assign  the  matrices  to  solve  for  BOTH  Stiffness  AND  COMPLIANCE 

Press.THEO  *  [PDE1 
PHPR1 
PDE2 
PHPR2] ; 


Defla.THEO  *  [zDEsdefl  zVCadefl  0  0 
0  0  zDEsdefl  zVCsdef 1 
zDEsdef2  zVCsdef2  0  0 
0  0  zDEsdef2  zVCsdef2] ; 

DvectJIHEO  *  [zDEsdefl 
zVCsdef 1 
zDEsdef 2 
zVCsdef 2] ; 


Pmatx.THEO  *  [PDE1  PHPR1  0  0 
0  0  PDE1  PHPR1 
PDE2  PHPR2  0  0 
0  0  PDE2  PHPR2] ; 


txxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx  xxxxxxxxxxx 


format  short  e 


Betas.THEO  »  inv(Def ls_THEO)*Press_THEO 
Svect.THEO  *  inv (Pmatx.THEO) *Dvect_THEO 


X  Output  the  "delta  indicators"  for  the  terms  that  are  different 
X  in  the  matrices  ve  are  solving. 

X  If  they  are  <  O.S,  ve  are  probably  in  trouble 
epsilon.THEO  *  (zDEsdef l-zDEadef2)/(zDEsdef 1) 
epsilon.EXP 

delta.THEQ  *  (zVCsdef l-zVCsdef2)/(zVCsdef 1) 

epsilon2_THE0  *  (PDE1-PDE2)/PDE1 
delta2_THE0  =  (PHPR1-PKPR2) /PHPR1 
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delta.EXP 

epsilon2_EXP 

delta2_EXF 


Betas.EXP 

Svect_EXP 

BetaME  =  [Betas_EXP(l,l)  Betas_EXP(2,l) 
Betas_EXP(3»l)  Betas_EXP(4,l)3 

SmatxME  =  [Svect_EXP(l,l)  Svect_EXP(2,l) 
Svect_EXP(3,l)  Svect_EXP(4, 1)3 

BetaMT  =  [Betas _THE0(1, 1)  Betas_THE0(2, 1) 
Betas_THE0(3,l)  Betas_THE0(4,l)3 

SmatxMT  =  [Svect  JTHE0(1 ,1)  Svect_THE0(2,l) 
Svect_THE0(3,l)  Svect_THE0(4,l)] 


format  short 


XX  NEXT  STEP  -  plot  the  chosen  points  on  the  graphs! !H 

X  Drive  element  piston 
axes(hlla) ; 

DEsEXPpt shand  =  line( [Press_EXP(l, 1)  Press_EXP(3,l)3 , • • • 

[Def ls_EXP (1,1)  Defls_EXP(3,l)3 , ’color* , ’r* , ’linestyle » , ’none’ , ’marker’ 

’Marker Size ’ , 12) ; 

DEsTHPptshand  =  line ( [Pres s_THE0( 1,1)  Press_THE0(3, 1)3 , . .  / 

[Def ls_THE0(l ,1)  Defls_TKE0(3,l)3 , ’color’ ,  ’k’ , ’ lines tyle* , ’none’ , ’marker’ , ’x’ , . . . 
’MarkerSize  * , 12) ; 


XValve  Piston!!!! 
axes(h22a) ; 

VCsEXPpt shand  =  line ([Press_EXP( 1,1)  Press_EXP(3, 1)]  , . . . 

[Defls_EXP(l,2)  Defls_EXP(3,2)3 , ’color* , ’r' , ’linestyle ’ , ’none', ’marker’ 
’MarkerSize ’ , 12) ; 

VCsTHPptshand  =  line( [Press _THE0(1, 1)  Press_THEQ(3,l)3 , . . . 

[Defls_THE0(l,2)  Def ls_THE0(3,2)3 , ’color’ , ’k’ , ’linestyle’ , ’none’ , ’marker’ , ’x’ , . . . 
’MarkerSize ’,12); 
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^***********##********************+*******^******+**+***#***# **************************** 


X  Attempt  at  making  3d  plots  of  the  following: 

X  1:  Experimental  data 
X  2:  Model  data 

X  3:  Experimental  stiffness  plane 
X  4:  Theoretical  stiffness  plane 


%********************************, 


********************** 
***** 


^♦♦♦♦♦♦♦♦♦♦♦•♦♦♦♦♦♦♦♦♦♦•♦♦***********e*********************** ******************************* 
^************************************************************e******************************** 


X********  ***********  e**************************************************************^^^^^ 
X  Nonlinear  plots  first  -  they  look  cooler 

X  We  will  use  the  following  variables: 

X  VC.PolyCell.mod 
X  VC.PolyCell 
X  DE.PolyCell.mod 
X  DE.PolyCell 


X  All  of  the  above  have  the  following  structure: 

X  Rowl:  Polynomial  Coefs  for  polyeval  function 
X  Row2:  An  S-structure  for  error  estimation 
X  Row3:  The  corresponding  PHPR  at  which  the  fit  was  done 
X  Row4:  The  xmin  and  xmax  values  over  which  the  curve  fit 
Xis  valid.  THIS  IS  NB,  because  we  hardcode  invert  the  fens!!! 


[XMATX , YMATX , VCE.ZMATX]  *  hac3dinterpHVC_PolyCell,nfcnpts,n3dpts, Ppismin, Ppismax, . . . 
Phprmin , Phprmax) ; 

[XMATX, YMATX, VCT.ZMATX]  »  hac3dint erpl (VC.PolyCell.mod, nf enpts ,n3dpts .Ppismin, . . . 
Ppismax , Phprmin , Phprmax) ; 

[XMATX, YMATX, DEE. ZMATX]  *  hac3dinterpi (DE.PolyCell, nf enpts ,n3dpts , Ppismin, . . . 

Ppismax, Phprmin, Phprmax) ; 

[XMATX, YMATX, DET.ZMATX]  ■  hac3dinterpl (DE_PolyCell_mod,nf enpts ,n3dpts .Ppismin, 
Ppismax, Phprmin .Phprmax) ; 
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VCDE3Dlhandl  =  f igure( 'color* , 'v' , 'position* , [100  180  900  450]); 
hold  on; 

VC3Daxeshl  =  subplot (1, 2, 1) ; 

set (VC3Daxeshl, 'linewidth’  ,2,  'box’ ,  'on*) ; 


VC3dmeshhl  =  surf ace (XMATX,YMATXfVCT_ZMATX, 'facecolor* , ’none* , ’edgecolor' , . . . 
[0.6  0.6  0.6],’ linewidth ’,0.8) 

VC3dmeshh2  =  surface (XMATX,YMATX,VCE_ZMATX, 'facecolor* , ’none 1 , ’edgecolor ’ , . . . 
[0  0  0] , 'linewidth* ,1) 

X  Set  view  before  resize 
view(-37.5,30); 

X  Set  position  after  the  plot  is  complete 

set(VC3Daxeshl , ’units* , 'pixels' , 'position* , [60  60  340  310]); 

xlabel(xPde_labl3D) ; 
ylabel (yPhpr_labl3D) ; 
zlabel(zvc_labl) ; 

title ({'Small  piston  deflection:*;  'Theoretical  vs.  Experimental*}) 
legend (’Model* , ’Experiment*) 


DE3Daxeshl  =  subplot (1,2, 2); 
set (DE3Daxeshl, ’linewidth* ,2, ’box' , *on’) ; 


DE3dmeshhl  =  surf ace (XMATX, YMATX  fDET_ZMATX , ' face color ’ ,’none ' , 'edgecolor* , . . . 
[0.6  0.6  0.6], ’linewidth', 0.8) 

DE3dmeshh2  a  surf ace (XMATX, YMATX, DEE_ZMATX, ’facecolor’ , 'none * , ’edgecolor* , . . . 
[0  0  0],’ linewidth ’,1) 

X  Set  view  before  resize 
view(-37.5,30) ; 

X  Set  position  after  the  plot  is  complete 

set (DE3Daxeshl, 'units *, ’pixels* , 'position' , [490  60  340  310]); 

xlabel(xPde_labl3D) ; 
ylabel (yPhpr_labl3D) ; 
zlabel(zde_labl) ; 

title ({’Large  piston  deflection:';  'Theoretical  vs.  Experimental’}) 
legend( 'Model' , ’Experiment *) 


X******* ********************************************************************* ******* 

*************************************  if****************************************** 

fa****************************.*************************************************** 
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X  Now  we  compute  xyz  data  for  the  linear  functions,  the  stiffness  estimates 

%  We  have  the  following  two  matrices  to  use: 

XSmatxKE  **  experimental  "compliance* 

XSmatxMT  -  theoretical  "compliance" 

X  C  zDE  3  -  tsll  sl2]  [PPIS] 

X  t  zVC  3  Cs21  s223  CPHPR3 

Xee*******************************************************************,!,**^^^^^ 

X********************************************************************************* 


X  This  is  very  easy,  because  we  have  XMATX  and  YMATX: 

DESE.ZMATX  ®  zeros (n3dpts) ; 

DEST.ZMATX  *  zeros Cn3dpts) ; 

VCSE.ZMATX  *  zeros (n3dpts); 

VCST_ZMATX  *  zeros (n3dpts) ; 


for  il  ■  l:n3dpts  Xx-index,  or  the  PDE  index 

for  i2  -  1 : n3dpt s  %  y-index  or  the  PHPR  index 

Pminivect  »  [XMATX(il,i2) 

YMATX (il , i2)3 ; 

DESE_ZMATX(il , i2)  *  SmatxME(l , :)*Pminivect ; 
DEST_ZMATX(il,i2)  *  SmatxMT(l , :)*Pminivect ; 
VCSE_ZMATX(il,i2)  *  SmatxME(2 , : )ePminivect ; 

VCST_ZMATX(ii , i2)  *  SmatxMT(2, : )*Pminivect ; 

end 

end 

VCDE3D2handl  «  figure( 'color* , Jw’ , 'position* , tlOO  180  900  450]); 

VC3Daxesh2  *  subplot (1 ,2,1) 

set (VC30axesh2, *  line width' ,2 , *box * , *on*) ; 


VC3dmeshh21  *  surf ace (XMATX, YMATX, VCST_ZMATX, ’facecolor * , ’none » , ’edgecolor’ , *b') 
VC3dmeshh22  «  surf ace (XMATX , YMATX . VCSE.ZMATX , *  f acecolor * , *  none  * , *  edgecolor 1 ,  *k  * ) 
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X  Set  view  before  resize 
view(-37.5,30); 

X  Set  position  after  the  plot  is  complete 

set (VC3Daxesh2, ’units' , 'pixels' , ’position' , [60  60  340  310]); 


xlabel(xPde_labl3D) ; 
ylabel(yPhpr_labl3D) ; 
zlabel(zvc_labl) ; 

title ({’Small  piston  linear  stiffness;’;  'Theoretical  vs.  Experimental’}) 
legend( ’Model' , 'Experiment *) 


DE3Daxesh2  *  subplot (1,2, 2) 
set(DE3Daxesh2, 'linewidth' ,2, 'box', ’on’); 


DE3dmeshh21  =  surface (XMATX , YMATX , DEST_ZMATX, 'facecolor* , 'none' , ’edgecolor’ , 'b') 

DE3dmeshh22  =  surf ace (XMATX, YMATX, DESE.ZMATX, ’facecolor' , 'none' , 'edgecolor' , ’k’) 

X  Set  view  before  resize 
view(-37.5,30) ; 

X  Set  position  after  the  plot  is  complete 

set (DE3Daxesh2, 'units' , 'pixels' , ’position’ , [490  60  340  310]); 


xlabel(xPde_labl3D) ; 
ylabel (yPhpr_labl3D) ; 
zlabel(zde_labl) ; 

title({'Large  piston  linear  stiffness:';  'Theoretical  vs.  Experimental’}) 
legend ( ’Model* , ’Experiment’) 


X************************************************************************************ 

%***********************♦************************************************************ 

^t**********^********************************************************************* 

X  Overplot  the  two  experimental  linear  stiffness  meshes  with  their  corresponding 
Xnonlinear  buddies. 


VC3D3handl  =  figure( ’color’ , ’w’ , 'position’ , [100  180  900  450]); 

VC3Daxesh3  =  subplot (1 ,2,1) 

set (VC3Daxesh3, 'linewidth* ,2, 'box' , 'on') ; 
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VC3dmeahh31  »  surface (XMATX , YMATX , VCE_ZMATX , ’facecolor’ , 'none* , ’edgecolor’, »b» ) 

VC3dmeshh32  *  surf ace (XMATX, YMATX, VCSE.ZMATX, ’facecolor’ , ’none’ , ’edgecolor’ .  ’r ») 

X  Sat  view  before  resize 
view(-37 .6,30) ; 

X  Set  position  after  the  plot  is  complete 

set(VC3Daxesh3, ’units* , ’pixels * , ‘position* , [60  60  340  310]); 


xlabel(xPde_lab!3D); 
ylabel(yPhpr..labl3D) ; 

Zlabel(zvc_labl) ; 

title({* Small  piston  Comparison:*;  'Experimental  Nonlinear  vs.  Linearised  about  z_{2>  *  0’» 
legend( *  Experiment  * , ’Linearization*) 


DE3Daxesh3  «  subplot (1 ,2,2) 

set (DE3Daxesh3 , ’linewidth* ,2, ’box’, ’on’); 


DE3dmeshh31  *  surf ace (XMATX, YMATX, DEE.ZMATX, ’facecolor’ , ’none* , *edgecolor » , »b») 

DE3dmeshh32  *  surf ace (XMATX, YMATX, DESE_ZMATX, ’facecolor* , ’none* , ’edgecolor ’ , *r») 

X  Set  view  before  resize 
viev(-37.6,30); 

X  Set  position  after  the  plot  is  complete 

aet (DE3Daxesh3, ’units *, ’pixels’, ’position*, (490  60  340  310]); 


xlabel(xPde_labl3D) ; 
ylabel(yPhpr_labl3D) ; 
zlabel(zde_labl) ; 

title ({’Large  piston  Comparison:*  ;  ’Experimental  Nonlinear  vs.  Linearised  about  z.{l>  «  0’» 
legend( ’Experiment ’ , ’Linearization’) 

x************************************************************,,,*^^^^^^^^^^^^^^^ 

XM*MM«*MM**»****MMM****MMM**M**m*MM**M****M**MMMM****«M«**MMMMMM* 

X************************************************************^^^^^^^^^^^^^^^^^^ 


% *****************************ee****************************************M*1m*#1m^MM^WMW 

X****************************************************************,^^^^^^^^^^^^^^^^ 
X  Create  line  plots  to  show  the  equivalence  of  the  stiffness  matrices 
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X  Just  overplot  them  over  the  original  plots 
X  Both  experimental  and  also  theoretical 

DEexpSMatH  =  zeros (nDEplt ,1) ; 

VCexpSMatH  *  zeros  (nDEplt,  1 ) ;. 


for  il  *  1: nDEplt 

X  Displacement  vector 

zde_vect_fop  =  zeros (n3dpts , 1) ; 

X  We  will  use  XMATX  again  -  why  not?! 

PHPR1  =  DE_PolyCell{3,il>; 

for  i2  =  l:n3dpts 

Pminivect  =  [XMATX(i2,l) 

PHPR1]  ; 

zde_vect_fop(i2, 1)  =  SmatxME(l, :)*Pminivect ; 

end 

axes(hlla) ; 

DEexpSMatH(il, 1)  =  line(XMATX( : ,1) ,zde_vect_f op) j 

zde_vect_fop  =  zeros (n3dpts , 1) ; 

%  We  will  use  XMATX  again  -  why  not?! 

PHPR1  *  VC_PolyCell{3,il>; 

for  i2  =  1 :n3dpts 

Pminivect  =  [XMATX (i2,l) 

PHPR1] j 

zde_vect_fop(i2,l)  =  SmatxME(2, : )*Pminivect ; 

end 

axes(h22a); 

VCexpSMatH (il , 1)  «  line(XMATX( : , 1) ,zde_vect_f op) ; 

end 


X  Nov  the  theoretical  overplots: 

DEthSMatH  =  zeros(nDEplt , 1) ; 
VCthSMatH  =  zeros(nDEplt ,1) ; 


198  D  Computer  code 


for  il  «  1  :zmodf  ilea 

X  Displacement  vector 

zde_vect_fop  *  zeros (n3dpta, 1) ; 

X  Ve  will  use  XMATX  again  -  why  not?! 

PHPR1  «  modfileP.HPR_S(il,l); 

for  12  »  l:n3dpts 

Painivect  *  [XMATX(i2,l) 

PHPR1] ; 

zde_vect_fop(i2,l)  «  SmatxMTCl, :)*Painivect ; 
end 

axes(hlla) ; 

DEthSMatH(il.l)  «  line(XMATX(: ,1) ,zde_vect_fop) ; 

zde_vect_fop  «  zeros (n3dpta , 1) ; 

for  i2  «  1 :n3dpta 

Painivect  «  [XMATX(i2,l) 

PHPR1] ; 

zde_veetjf  op(i2, 1)  *  SmatxMT(2, :)*Pminivect ; 

end 

axea(h22a) ; 

VCthSMatH(il.l)  *  line(XMATX( : ,1) ,zde_vect_fop) ; 
end 

X*******************e*e***e*****e*****ee*e***M****ee************e********** 

X*******************************************************^*^^^^^^^^^^^^^^^^^^ 

X***** *********************************************** *********************** 

X*********  *********************************** 

X***********************************************************************m0 

X***************************************************************************m0 

X*****************************************************************************^ 

XFIKISHING  TOUCHES  :  PLOT  LIWETYPES,  LINEWIDTHS  ETC  ETC 
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^******************************************************************************* 

%******************************************************************************* 

£************************************:M********************* ******************** 
j£********#*********************************************+************************ 


set (VCexpSMatH , 'linestyle' , *-' , * color* ,  [0.5  0.5  0.5] , 'marker* , 'none' , 'markersize*, . . . 
4, 'linewidth* ,0.5) 

set(DEexpSMatH, 'linestyle* , , ’color* , [0.5  0.5  0.5] , 'marker* , 'none' , 'markersize* , . . . 
4 , * linevidth  *,0.5) 

set (VCthSMatH, 'linestyle' , 'color' , [0.5  0.5  0.5] , 'marker* , *p* ,  'markersize ’ ,4, . . . 
'linewidth* ,0.5) 

set (DEthSMatH, 'linestyle* , , 'color* ,[0.5  0.5  0.5] , 'marker », 'p* , 'markersize ’ ,4, . . . 
'linewidth* ,0.5) 


%  Set  the  axes  limits,  labels  and  line  thicknesses: 

set(hlla, 'xlim' ,xPde_lims, 'ylirn* ,yde_lims, 'linewidth* ,2, 'fontsize' ,12)  ; 
set(h22a, 'xlim' ,xPde_lims , 'ylirn' ,yvc_lims, 'linewidth' ,2, ’fontsize' ,12) ; 

axes(hlla) 

xlabel (xPde_labl) 
ylabel (zde_labl) 

Xtitle(*Large  piston  motion  vs.  Applied  pressure'); 

%  Add  a  legend  to  the  fits 

XDElegendhandl  =  legend(DEf ithandl, *P_2=0* , *P_2=92* , *P_2=298* , *P_2=500* ,2) ; 

axes(h22a) 
xlabel (xPde.labl) 
ylabel (zvc.labl) 

•/VClegendhandl  =  legend(VCf ithandl,  *P_2=0* ,  *P_2=92* ,  *P_2“298* ,  *P_2=500*  ,2)  ; 


set(DEf ithandl, 'color* , 'k* , 'linewidth* ,2) ; 
set(VCf ithandl, 'color* , 'k* , 'linewidth' ,2) ; 
set (DEebarhandl ( 1 , : ) , 'color* , *k* , 'linewidth' ,2) ; 
set (VCebarhandl ( 1 , : ) , ' color ' , ' k ' , * linewidth* ,2) ; 


set (DElabhdl, 'fontsize' .curvelegfntsiz) ; 
set (VClabhdl, 'fontsize' ,curvelegfntsiz) ; 


set (DElinehandl , ’linewidth' ,0.8, 'color* , [0.76  0.75  0.75]) 
set (VClinehandl , 'linewidth' ,0.8, 'color* , [0.75  0.75  0.75]) 
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X  Get  the  graphs  right  for  the  stage  of  plotting  we’re  in: 

legends 2d  *  cell (2, 2); 

switch  Plotstage 
case  1 

delete (DEmodhandl) ; 
delete (VCmodhandl) ; 
delete (OEexpSMatH) ; 
delete (VCerpSMatH); 
delete (DEthSMatH); 
delete (VCthSMatH); 

X  Legend 

[legends2d{l ,l},legends2d{l,2}]  *  legend (hi la, [DEI inehandl (1,1)  DEfithandl(l,l)J . . . 
, ’Data’, ’Fit  to  Data’, 2); 

[legends2d{2,l>, legends 2d{2,2>]  «  legend(h22a,  [VClinehandKl  ,1)  VCf  ithandl(l  ,1)]  . . . 

, ’Data’, ’Fit  to  Data* ,2); 

case  2 

delete (DElinehandl) ; 
delete (VClinehandl) ; 
delete (DEebarhandl ( 1 , : ) ) ; 
delete(VCebarhandl(l, :)) ; 
delete (DEexpSMatH) ; 
delete (VCexpSMatH) ; 
delete (DEthSMatH); 
delete (VCthSMatH); 

X  Legend 

[legends2d{l , 1} , legends 2d{l ,2»  *  legend (hi la , [DEf i thandl (1,1)  DEmodhandl ( 1, 1)] .. . 

.'Fit  to  Data* , ’Model  Prediction* ,2) ; 

[legends 2d{2,l>, legends 2d{2,2>]  *  legend(h22a,  [VCf i thandl (1 ,1)  VCmodhandKl ,  1))  .. . 

• 'Fit  to  Data* , ’Model  Prediction* ,2) ; 

case  3 

delete (DEebarhandl ( 1 , : ) ) ; 
delete ( VCebarhandl ( 1 , : ) ) ; 
delete (DElinehandl) ; 
delete (VClinehandl) ; 

X  Legend 

[legenda2d{l,l>, legends 2d{l, 2}]  «  legend(hlla, . . . 

[DEf i thandl (1,1)  DEmodhandl ( 1 , 1 )  DEexpSMatH(l ,1)  DEthSMatH(l ,1)3 , . . . 

*Fit  to  Data* , ’Model  Prediction* , ’Slope  of  data  at  0*. ’Slope  of  model  at  O’, 2); 
[legends2d{2 , 1} , legends 2d{2 ,2}]  *  legend (h22a, .. . 

[VCf  i thandl (1,1)  VCmodhandKl  ,1)  VCexpSMatHd  ,1)  VCthSMatHU ,  1))  , . . . 

’Fit  to  Data', ’Model  Prediction* , ’Slope  of  data  at  O’, ’Slope  of  model  at  O’, 2); 


end 


set(legends2d{l,2}(l,l), ’fontsize’ ,10); 
set  (legends2d{2, 2X1,1)  ,’fontsize*  ,10); 
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^******************************************************************************* 

«£******************************************************************************* 

X******************************************************************************* 

^******************************************************************************* 

£******************************************************************************* 

j£******************************************************************************* 

^♦♦***************************************************************************** 
%**** ******************************************************* ********* *********** 
£Mc************************************************************************* 
^*****)|(********************************************************************* 
^*************************************************************************** 
^******************************************* ********** ********************** 
J£*************************************************************************** 
JJ*************************************************************************** 
X*************************************************************************** 
Jf*************************************************************************** 

X**** ********************************************************* ************** 
£*************************************************************************** 
5(*************************************************************************** 

y£*********  *******  ******** ************** ********** ************* ************** 

X*************************************************************************** 
^********************************* ****************************************** 


X  Plot  out  the  stifness  matrices  in  a  nice  readable  format: 
disp (sprintf (* ********************************************************’)) 
disp(sprintf ( *********************** ************* ********************* 1 )) 
disp (sprintf ( * ******  Output  of  the  stiffness  matrix  solutions  ******♦*»)) 
disp (sprintf (* ********************************************************* )) 
disp (sprintf (» ******************************************************** * ) ) 
disp (sprintf ( 'XnXnTheoretical  inverse  compressibility  matrix,  where :\n*)) 
disp(sprintf (*{P1>  =  [bll  M2]  <zl>*)) 
di sp ( sprintf  ( *  {P2}  =  [b21  b22]  {z2}\n\n’)) 

disp (sprintf ('Units  are  in  kPa/um:*)) 

disp(sprintf(»{Pl>  =  [Xll.3e  %11.3e]  {zl>»  ,BetaMT(l,l)  ,BetaMT(l,2)» 
disp(sprintf(’{P2>  =  C%11.3«  5Cll.3e]  {z2}' ,BetaMT(2,l) , BetaMT(2,2))> 

disp(sprintf ('XnVnExperimental  inverse  compressibility  matrix  in  kPa/um:\n>)) 

disp(sprintf('{Pl>  =  ftll.Se  Xil.3e]  {zl>*  ,BetaME(l, l),BetaME(l,2))) 
disp(sprintf(*{P2>  =  tXll.3e  Xll.3e]  {z2}’ ,BetaME(2,l) ,BetaME(2,2))) 

disp(sprintf ('\n\nRatio  of  the  elements  of  the  matrices :\n’)) 


Betaratio  -  BetaMT. /BetaME; 
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dispCsprintfC'tXB.lf  %6. If] » ,BetaratioCl , 1) ,BetaratioCl,2))> 
dispCsprintfC'[X6.1f  X6.  If]  *  ,BetaratioC2, 1)  .Betaratio^^))) 

X  Alao  subs tract  the  measured  stiffnesses  from  the  theo  and  exp  data 

BetaTildeTKEO  *  BetaMT  -  pailpsi2T; 

BetaTildeEIP  ■  BetaME  -  pailpai2E; 

diapCaprintf ( * \n\nD-Tilde ,  THEORETICAL  in  kPa/um:\n»)) 

diapCaprintf ( *  CXl 1 •  3e  Xll.Se] » ,BetaTildeTHEO(l ,1) ,BetaTildeTHE0(l,2)>) 
diapCaprintf C*  [Xll .3e  Xll -3e] \BetaTildeTHE0(2,l)  ,BetaTildeTHE0(2,2)» 

di ap ( sprint f ( * \n\nD-T i lde ,  EXPERIMENTAL  in  kPa/umAn’)) 

diapCaprintf (’[Xll.Se  Xll  .3e] \BetaTildeEXP(l,l)  ,BetaTildeEXP(l,2))) 
diapCaprintf (’ [Xll. 3e  Xll.3e] \BetaTildeEXP(2,l) ,BetaTildeEXP(2,2))> 


diapCaprintf C*\n\nRatio  of  the  elementa  of  the  D-Tilde  matrices : \n*>) 
DTilderatio  *  BetaTildeTHEO./BetaTildeEXP; 

diapCaprintf  C *  CX6 . If  X6. If] * ,DTilderatio(l , 1) ,DTilderatio(l ,2))) 
diapCaprintf C  ’ [X6. If  X6. If] * ,DTilderatio(2, 1) ,DTilderatioC2,2))) 


diapCaprintf (’eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee*)) 

diapCaprintf C*\n\nTheoreticaI  compressibility  matrix,  where :\n’)) 
diapCaprintf C'{zl}  **  [bll  bl2]  {PI}*)) 
diapCaprintfC'{z2>  «  Cb21  b22]  <P2>\n\nO) 

diapCaprintf (’Units  are  in  kPa/um:*)) 

diapCaprintf ('{zl}  «  CXll.3e  Xll.Se]  {PI}’ ,SmatxMT(lf  1) .SmatxMTCl ,2))) 
di*pCsprintf ( *  {z2}  «  [Xll.Se  Xll.Se]  {P2}\SmatxMT(2, 1) ,SmatxMTC2,2))) 

diapCaprintf C * \n\nExper imental  Compressibility  auitrix  in  kPa/um:\n*)> 

diapCaprintf ( ’{zl}  *  [Xll.Se  Xll.Se]  {Pl}\SmatxME(l ,  1) ,SmatxME(1.2))> 
diapCaprintf C»{z2>  *  Kll.Se  Xll.Se]  {P2}\SmatxME(2,l)  ,SmatxME(2,2))) 

diapCaprintf C  *\n\nRatio  of  the  elements  of  the  matrices :\n’)) 

Sratio  ■  SmatxMT. /SmatxME; 

diapCaprintf (*  CX6.  If  X6.1f]  \Sratio(l(l),Sratio(l,2))) 
diapCaprintf (’ [X6. If  X6. If]  \Sratio(2,l) ,Sratio(2,2))) 


diapCaprintf C'********************************************************^) 

diapCaprintf (’******♦**********************♦**************************»)) 
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F 


)(*************************************************************************** 
************************************* ****************************** ******* 
%*************************************************************************** 
y************************** ***************** ******* ******* ******* *********** 
y*************************************************************************** 
%*************************************************************************** 
J£*************************************************************************** 

X*******  COMPUTING  AMPLIFICATION  RATIOS  ****************** 

3£************* ************************************************ ************** 
%*************************************************************************** 
y************* ****************************** ****** ******* ******************* 
y******************************************* ******************************** 
y***** *********************************************************** *********** 
y*************************************************************************** 
y**************************************** *********************************** 
y* ******** ******** ************************************************ ********** 

%  This  will  make  for  a  cool  3D  plot  sometime . 

%  This  subprogram  will  compute  the  amplification  ratios 
X  based  on  fitted  theoretical  and  fitted  experimental  data 

5C  by  differentiating  the  polynomials  and  looking  at  the  relative  change  in  AR 

hAR  =  figure ('color* , *w*) ; 
hARa  «  axes(*box* , *on*) ; 

ARexphandl  =  zeros(nDEplt ,1) ; 

ARmodhandl  =  zeros(nmodf iles,l) ; 

ARexplabhdl  =  zeros (nDEplt,!); 

ARmodlabhdl  =  zeros (nmodfiles ,1) ; 

curvefractAR  =  CO. 2 


0.6 

0.8]; 

%  First,  we  look  at  the  experimental  data: 
for  il  *  1: nDEplt 

A1  ■  DE_PolyCell{l,il};  %  Extract  the  Drive  element  polynomial 
A2  *  VC_PolyCell{l,il>;  X  Extract  the  Valve  cap  polynomial 

PHPRfop  =  modf ileP_HPR_S(il, 1) ;  X  extract  the  extimated  PHPR 


X  compute  the  derivatives  of  the  polynomials 
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dAl  *  polyder(Al) ;  X  dPl/dzl 
dA2  -  polyder(A2) ;  X  dP2/dz2 

X  Find  values  for  these 
X  at  the  appropriate  values  for  zl,z2 

zllims  *  DE_PolyCell{4,il>; 
z21ims  *  VC_PolyCell{4,il}; 

zlvect  *  (linspace(zllims(l , 1) ,zllims(l ,2) ,ncf itpts)) * ; 
z2vect  *  (linspace(z21ims(l,l) tz21ins(l ,2) ,ncf itpts)) * ; 

X  Also  create  a  regularly  spaced  PI  vector,  because  ve  will  interpolate 
X  So  that  ve  can  eventually  compare  apples  with  apples 

Plreg  ■  (linspace(Ppismin, Ppismax.ncf itpts)) * ; 


X  Mow,  ve  evaluate  the  derivative  of  the  function  at  each  value  of  z 
X  ALSO  evaluate  the  function  ITSELF  at  each  value  of  z 

Pl_fzl_irreg  »  polyval(Al , zlvect) ; 

Pl_gz2_irreg  *  polyval(A2,z2vect) ; 

XdPldzl.dfzl  *  polyvalCdAl, zlvect); 

XdPldz2_dfz2  *  polyval (dA2 , z2vect ) ; 

X  Interpolate  to  have  irregular  z  vectors  for  each  PI  vector 

zlirregPl  *  interpl(Pl_fzl_irreg, zlvect, Plreg, ’spline’) ; 
z2irregPl  *  interpl(Pl_gz2_irreg,z2vect , Plreg, » spline* ) ; 

X  Mow,  each  of  the  irregular  z*s  has  a  little  friend  in  Plreg 

X  For  each  IRREGULAR  z  ve  can  compute  the  corresponding  dP/dz 

dPldzl.dfzl  *  polyval CdAl, zl irr egPl ) ;  X  How  ve  have  the  derivatives 
dPldz2_dgz2  *  polyval (dA2, z2irregPl ) ; 

X  Each  of  the  two  functions  above  alos  has  a  matching  value  in  Plreg 
X  The  amplification  ratio  is  dz2/dzl  —  (dPl/dzl)/(dPl/dz2)  -  check  it 
AR.Plreg  *  dPldzl.dfzl ./dPldz2_dgz2; 

X  Plot  the  amplification  ratio  on  the  graph 
axes(hARa); 

ARexphandl ( i 1 , 1 )  «  line (Plreg, AR_Plreg) ; 
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fa************************************************* 

X  Place  a  legend  for  PHPR  on  the  plot 

ctextl  *  strcat ( 'P_2=» , strcat (num2str(modfileP_HPR_S(il , 1) , »X4 . Of » ) , *kPa» ) )  ; 


ARexplabhdl (  i  1 , 1)  =  curvelabel2(ctextl,hARa, (0  500] , CO  22],... 
curvefractAR(il,l) ,Plreg, AR_Plreg) ; 


fa*************************************** ********** 


fa****************************** 


end 


%Now,  the  model: 
for  il  =  l:nmodfiles 

A1  =  DE_PolyCell_mod{l,il};  %  Extract  the  Drive  element  polynomial 
A2  VC_PolyCell_mod{l,il};  X  Extract  the  Valve  cap  polynomial 

PHPRfop  =  modfileP_HFR_S(il,l);  X  extract  the  extimated  PHPR 

zllims  =  DE_PolyCell„mod-C4,il>; 
z21ims  =  VC_PolyCell_mod{4,il>; 


X  compute  the  derivatives  of  the  polynomials 

dAl  =  polyder(Al) ;  X  dPl/dzl 
dA2  e  polyder(A2) ;  X  dP2/dz2 

X  Find  values  for  these 
X  at  the  appropriate  values  for  zl,z2 


zlvect  =  (linspace (zllims (1,1) , zllims (1,2) ,ncfitpts)) * ; 
z2vect  =  (linspace (z21ims(l,l) ,z21ims( 1,2) ,ncfitpts)) • ; 

X  Also  create  a  regularly  spaced  PI  vector,  because  we  will  interpolate 
X  So  that  we  can  eventually  compare  apples  with  apples 

Plreg  =  linspace(Ppismin,Ppismax,ncfitpts) ; 


X  Now,  we  evaluate  the  derivative  of  the  function  at  each  value  of  z 
X  ALSO  evaluate  the  function  ITSELF  at  each  value  of  z 
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Pl.fzl.irreg  «  polyval(Al .zlvect) ; 

Pl_gz2.irreg  *  polyval(A2,z2vect) ; 

XdPldzl.dfzl  ■  polyvalCdAl, zlvect) ; 

XdP Idz2_dfz2  -  polyval(dA2,z2vect); 

X  Interpolate  to  have  irregular  z  vector#  for  each  PI  vector 

zlirregPl  ■  interpl(Pl_fzl.irreg,zlvect, Plreg,  Spline*) ; 
z2irregPl  -  interpl(Pl_gz2.irreg,z2vect .Plreg, 'spline ') ; 

X  How,  each  of  the  irregular  z's  has  a  little  friend  in  Plreg 

X  For  each  IRREGULAR  z  ve  can  compute  the  corresponding  dP/dz 

dPldzl.dfzl  «  polyvalCdAl, zlirregPl);  X  How  ve  have  the  derivatives 
dPldz2_dgz2  «  polyval(dA2,z2irregPl) ; 

X  Each  of  the  two  functions  above  alos  has  a  matching  value  in  Plreg 
X  The  amplification  ratio  is  dz2/dzl  =====  (dPl/dzl)/(dPl/dz2)  -  check  it 
AR_Plreg  «  dPldzl.dfzl ./dPldz2_dgz2; 

X  Plot  the  amplification  ratio  on  the  graph 
axes  ChARa) ; 


ARmodhandlCil , 1)  «  lineCPlreg, AR.Plreg, 'color * , 'k') ; 
X***********a***************e********************** 

X  Place  a  legend  for  PHPR  on  the  plot 

ctext 1  *  strcat C 1 P_2=  * , strcat (num2s tr (modf ileP.HPR_S( i 1 , 1) , *X4 . Of  * ) , ’kPa  * ) ) ; 


ARaodlabhdKil ,  1)  *  curvelabel2  (  ctext  1  ,hARa,  CO  BOO]  ,  [0  22],... 
curve fractARCil ,1) .Plreg, AR.Plreg) ; 


end 


X  Hake  the  plot  pretty 

set (hARa , * linevidth * ,2, 'fontsize' ,12, 'xlim' , [Ppismin  Ppismax] , »ylim* , [0  23] ) 
xlabel('P.l'); 

ylabelC’ Amplification  Ratio  (z_l/z.2)'); 

X  Set  the  colors  of  the  plots 

set (ARexphandl , ’color* , *k* , 'linewidth* .2) ; 

set(ARmodhandl, 'color* , [0.6  0.5  0.5] , 'linevidth* ,1) ; 


set (ARmodlabhdl , 'fontaize* ,10, 'color* , [0.6  0.5  0.5]); 
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set (ARexplabhdl, 1 fonts ize* ,10, *  color1 , [0  0  0]); 


ClegendsARl , legends AR2]  =  legend(hARa, [ARexphandl(l,l)  ARmodhandl(l ,1)] , . . . 
* Experimental* , *Model  Prediction* ,3) ; 


set(legendsAR2(l,l) t  *fontsize* ,10) ; 


yt*************************************************************************** 
£***** ******************************* ** **************************** ********* 
£*************************************************************************** 
£«************************************************************************** 
j£*************************************************************************** 
«{*************************************************************************** 
}£************************* ************************************ ************** 
%*******  COMPUTING  AMPLIFICATION  RATIOS  ****************** 

y£*** ****************************************************************** ****** 
^*************************************************************************** 
£*************************************************************************** 
*/*************  *******  ******  ************  ************************************* 
£*************************************************************************** 
%*******************************************************♦******************* 
X* ******************************************************************* ******* 
%***«*********************************************************************** 


end  X  Postprocflag 


Appendix  E 

Masks 


This  appendix  contains  a  selection  of  masks  from  the  set  that  was  used  to  form  the  devices 
shown  in  Figure  2.2.  It  should  give  the  reader  an  idea  of  what  is  involved  in  the  creation 
of  a  multi-layered  device  with  multiple  silicon  and  glass  layers.  Figure  E.l  shows  the  glass 
patterns  of  the  full  MHT  device.  All  glass  layers  were  ultrasonically  machined.  Prior  to 
ultrasonic  machining,  wafer-scale  align  marks  were  patterned  on  the  glass  wafers  using  BOE. 
Care  had  to  be  taken  during  the  exposure  step,  because  the  substrates  were  transparent. 
The  ultrasonic  machining  was  then  done  to  the  align  marks  provided.  Figure  E.2  shows 
different  patterns  for  Layer  3,  to  be  able  to  accommodate  piezoelectric  elements  of  various 
sizes.  It  also  shows  the  pattern  that  was  used  for  the  static,  pressure  operated  hydraulic 
amplifier  (L3  Big  Hole). 

The  masks  for  the  large  piston  (Layers  4  and  5)  are  shown  in  Figures  E.3  and  E.4.  Note  the 
nearly  identical  process  for  the  two  layers.  The  main  difference  lies  in  the  venting  channels 
in  Layer  5,  and  the  venting  holes  in  Layer  4. 

Figure  E.5  shows  the  mask  flow  for  Layer  7,  the  layer  containing  the  small  pistons.  In  this 
figure,  a  mask  set  for  a  device  with  a  single  small  piston  is  shown.  Ten  small  pistons  were 
created  using  the  same  mask  flow,  but  with  different  geometries. 

In  Figure  E.6  the  masks  for  Layer  8  are  shown,  along  with  a  mask  set  for  an  hydraulic 
amplifier  with  two  small  pistons  (which  was  not  tested).  Note,  especially  in  this  figure, 
the  use  of  so-called  ”  halo”  masks  to  etch  through- wafer  features.  Halo  masks  are  often 
used  for  performing  uniform  DRIE  etching  when  features  of  various  sizes  are  present  on  the 
wafer.  Keeping  the  trench  width  constant  for  all  through-wafer  features  helps  to  maintain 
a  constant  etch  rate. 

Figure  E.7  is  the  wafer  scale  process  flow  associated  with  Figure  E.5.  Note  the  steps  for 
creating  features  such  as  align  marks  and  cutting  lines  for  the  dicing  operation. 
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A  plan  view  for  all  the  layers  of  the  full  MHT  device  is  shown  in  Figure  E.8.  This  figure  is 
an  overlay  of  all  the  masks  needed  to  fabricate  the  device. 
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Figure  E.2:  Different  configurations  for  Layer  3.  L3-3  is  the  standard  Layer  3,  L3-4  is  for 
accommodating  a  single  large  piezoelectric  element,  L3-5  has  additional  holes  for  optical 
displacement  measurement  and  L3  Big  Hole  was  used  for  the  static  hydraulic  amplifiers. 
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Figure  E.3:  Mask  set  for  Layer  4. 
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Figure  E.4:  Mask  set  for  Layer  5. 
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Figure  E.6:  Die-level  mask  set  for  Layer  8  of  three  types  of  hydraulic  amplifiers:  One,  two 
and  ten  small  pistons.  Although  dies  with  two  small  pistons  were  fabricated,  as  also  shown 
in  Figure  E.7,  none  were  tested  in  this  work. 
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Figure  E.8:  Plan  view  of  all  the  layers  of  the  full  ten  valve  MHT  device. 
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Abstract 

Piezoelectric  Micro-Hydraulic  Transducers  are  compact  high  power  density  transducers,  which 
can  function  bi-directionally  as  actuators/micropumps  and/or  power  generators.  They  are 
designed  to  generate  0.5-1  W  power  at  frequencies  of  ~10-20kHz,  resulting  in  high  power  densities 
approaching  500W/kg.  These  devices  are  comprised  of  a  main  chamber,  two  actively  controlled 
valves,  a  low-pressure  reservoir  and  a  high-pressure  reservoir.  This  thesis  reports  on  modeling 
and  design  considerations  for  Micro-Hydraulic  Piezoelectric  Power  Generators.  Since  these 
devices  are  complex  fluid  and  structural  systems,  comprehensive  simulation  tools  are  needed 
for  effective  design.  Operation  of  each  subcomponent  of  the  device  is  highly  coupled  and  every 
design  decision  should  be  made  with  remaining  components  in  mind.  A  system  level  simulation 
tool  has  been  developed  using  Matlab/Simulink,  by  integrating  models  for  different  energy 
domains,  namely  fluids,  structures,  piezoelectrics  and  circuitry.  The  simulation  architecture 
allows  for  integration  of  the  elastic  equations  of  structural  members  into  the  dynamic  simulations 
as  well  as  monitoring  of  important  parameters  such  as  chamber  pressure,  flowrate,  and  various 
structural  component  deflections  and  stresses.  Using  the  simulation,  the  operation  of  the  system 
is  analyzed  and  important  design  considerations  are  evaluated.  Fluidic  oscillations  within  the 
system  axe  analyzed  and  an  optimization  procedure  for  the  membrane  structure  within  the  main 
chamber  is  presented.  Parameter  studies  are  performed  for  different  piezoelectric  materials, 
system  compliances,  and  circuit  topologies.  Tradeoffs  between  operation  conditions  and  their 
effect  on  the  performance  axe  discussed.  A  design  procedure  is  developed.  Results  indicate  that 
system  efficiency,  is  highly  dependent  on  compliances  within  the  device  structure,  the  type  of 
piezoelectric  material  used  and  rectifier  circuit  topology. 
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Nomenclature 


Phpr 
Plpr 
P ch 
APch 
Pint —in 
Pint— out 
Qin 

Qout 

VOin 
VO  out 

cs 

Ceff 

V0 

Pf 

E 

V 

p 

Dch 

Dpis 

Rvc 

wt 

Hcb 


high  pressure  reservoir  pressure 

low  pressure  reservoir  pressure 

main  chamber  pressure 

main  chamber  pressure  band 

inlet  valve  intermediate  pressure 

outlet  valve  intermediate  pressure 

inlet  valve  flow  rate 

outlet  valve  flow  rate 

inlet  valve  opening 

outlet  valve  opening 

structural  compliance  of  main  chamber 

effective  compliance  of  the  main  chamber 

initial  fluid  volume  of  the  main  chamber 

bulk  modulus  of  working  fluid 

Young  modulus  of  Silicon 

Poissons  ratio  of  silicon 

density  of  working  fluid 

chamber  diameter 

piston  diameter 

valve  cap  radius 

tether  width 

chamber  height 
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Dp  piezoelectric  element  diameter 

Lp  piezoelectric  element  length 

ttop  top  support  structure  thickness 

tbot  bottom  support  structure  thickness 

tpis  piston  thickness 

Uetop  top  tether  thickness 

ttebot  bottom  tether  thickness 

Xpis  piston  deflection 

xte  tether  deflection 

Xb  bottom  support  structure  deflection 

A Vtp  volume  swept  by  top  support  structure 

kVpis  volume  swept  by  deflection  of  piston 

AV^,  volume  swept  by  bending  of  piston 
A Vte  volume  swept  by  tether  bending 

Fte  force  between  piston  and  tethers 

Fp  force  on  piezoelectric  element 

<^33  piezoelectric  constant 

S33  open  circuit  compliance  of  piezoelectric  element 

s33  closed  circuit  compliance  of  piezoelectric  element 

£33  coupling  coefficient  of  piezoelectric  element 

keff  effective  coupling  factor 

Vv  voltage  on  piezoelectric  element 

Ip  current  through  piezoelectric  element 

Vb  battery  voltage 

h  current  through  battery 

Qp  charge  on  piezoelectric  element 

°d  depolarization  stress  of  piezoelectric  element 

/  operation  frequency 

r]  system  efficiency 

W  generated  power 
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Chapter  1 


Introduction 


This  chapter  presents  the  configuration,  operation  and  motivation  of  microhydraulic-piezoelectric 
power  generators.  Preliminary  design  considerations  are  discussed.  The  objective,  scope  and 
organization  of  the  thesis  are  presented. 

1.1  Microhydraulic  Piezoelectric  Transducers 

Transducers  are  devices  that  convert  physical  energy  from  one  form  to  another.  Actuators 
and  power  generators  are  examples  of  transducer  devices.  The  performance  and  usefulness 
of  a  transducer  for  most  applications  are  highly  dependent  on  two  important  characteristics: 
compactness  and  power  density,  that  is,  power  output  of  the  transducer  per  its  unit  volume. 
Conventional  transducers,  generally,  not  only  tend  to  be  heavy  and  bulky,  but  are  also  limited 
in  terms  of  power  transduction  capabilities  because  of  their  low  bandwidths.  For  instance, 
conventional  hydraulic  systems  possess  high  single-stroke  work,  but  their  power  densities  are 
greatly  reduced  by  their  large  mass.  Recent  advances  in  active  materials  technology  have 
led  to  the  development  of  many  compact  solid-state  transducers.  However,  the  power  output 
from  these  solid-state  transducers  is  fairly  limited  for  most  macro  applications.  Although  the 
single-stroke  work  output  of  solid-state  materials  such  as  piezoelectric  materials  is  relatively 
small,  such  materials  possess  very  high  bandwidths,  and  as  such,  are  capable  of  high  power 
output.  However,  since  most  applications  do  not  require  high  frequency  actuation,  the  high 
bandwidth  potential  of  piezoelectric  materials  is  not  fully  utilized.  Since  a  transducer’s  power 
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(b) 


Figure  1-1:  (a)  Configuration  of  power  generator  (b)  Configuration  of  actuator/  micopump. 
The  actuator/micropump  configuration  can  also  be  operated  with  check  valves  instead  of  active 
valves,  which  are  necessary  for  power  generator  configuration. 

output  is  the  product  of  its  single  stroke  energy  and  its  bandwidth,  it  is  feasible  to  create  high 
performance  transducers  by  combining  high  single-stroke  force  of  a  hydraulic  system  and  high 
frequency  displacements  of  a  piezoelectric  element  in  a  synergistic  manner[l].  This  concept 
can  be  further  exploited  to  create  high  performance  transducers  with  very  high  power  densities 
by  miniaturizing  the  transducer  systems.  The  state-of-the-art  micromachining  (or  MEMS) 
technology  has  the  potential  to  allow  for  the  implementation  of  this  concept  at  the  micro  scale. 

Research  and  development  of  microfluidic  devices  has  received  a  significant  amount  of  inter¬ 
est  in  the  past  years.  The  feasibility  of  micromachining  many  of  the  key  building  blocks  (flow 
channels,  pumps,  active/passive  valves)  of  a  micro-fluidic  system  including  the  integration  of 
solid-state  materials  such  as  piezoelectric  materials  to  actuate  valves  has  already  been  demon¬ 
strated,  and  researchers  are  now  striving  to  create  complete  microfluidic  systems.  However,  the 
microfluidic  devices  developed  thus  far  mostly  feature  small  flow  conductance,  limited  stroke, 
and  low  power  density,  and  are  mostly  geared  towards  small  flow/force  applications  such  as 
microdosing  of  fluids.  An  extensive  literature  review  on  microfluidic  devices  can  be  found  in 
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[2], 


A  unique  feature  of  piezoelectric  microhydraulic  transducers  is  their  ability  to  operate  as 
both  an  actuator  and  a  power  generator,  by  merely  reversing  the  direction  of  their  operation.  As 
actuators,  these  transducers  transform  electrical  energy  input  into  mechanical/hydraulic  energy 
output,  and  as  power  generators,  the  transducers  transform  mechanical/hydraulic  energy  input 
into  electrical  energy  that  can  be  stored  in  a  battery  or  a  capacitor.  These  high  performance 
transducers  can  significantly  enhance  the  scope  of  micromachined  transducers  technology  by 
enabling  many  novel  applications.  When  utilized  as  actuators,  they  are  capable  of  extending 
the  usefulness  of  active  material  based  structural  actuation  beyond  small  strain  applications  [1]. 
These  actuators  can  also  be  useful  in  miniature  robotics.  As  power  generators,  the  transducers 
can  extract  electrical  energy  from  wasted  mechanical  energy  sources  such  as  vibrations  of  oper¬ 
ating  machinery,  heel  strike  of  human  gait,  wind,  sound  and  function  as  disposable  batteries  for 
numerous  small  electronic  devices  in  both  civilian  and  military  applications.  A  literature  survey 
about  piezoelectric  power  generation  will  be  presented  in  Chapter  2.  Detailed  information  and 
comparisons  of  various  transducers  can  be  found  in  [2]  where  a  feasibility  analysis  of  Micro 
Hydraulic  Transducers  has  been  performed. 


1.2  Configuration  and  Operation 

The  concept  of  piezoelectric  micro-hydraulic  transducer  (MHT)  is  schematically  illustrated  in 
Figure  1-1  for  actuator  and  power  generator  configurations.  The  transducers  are  comprised  of 
the  following  generic  components:  the  main  chamber  which  houses  a  piezoelectrically  driven 
tethered  piston,  two  actively  controlled  valves,  a  low-pressure  fluid  reservoir  (LPR),  and  a  high- 
pressure  fluid  reservoir  (HPR).  The  power  generator  configuration  requires  rectification  circuitry 
to  rectify  and  store  the  voltage  generated  by  the  piezoelectric  element.  The  two  active  valves, 
one  operating  between  the  HPR  and  the  main  chamber  and  the  other  one  operating  between 
the  main  chamber  and  the  LPR  regulate  the  fluid  flow  into  and  out  of  the  main  chamber.  The 
piezoelectric  element  within  the  pump  chamber  serves  as  the  main  energy  transducing  element. 
A  detailed  drawing  of  the  device  is  shown  in  Figure  1-2. 

When  operating  as  an  actuator /pump,  the  electrical  signal  applied  to  the  piezoelectric 
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Figure  1-2:  Device  layout  for  power  generator  configuration.  Top  and  bottom  packaging  pyrex 
layers  not  shown. 


element  results  in  pressure  fluctuations  inside  the  main  chamber.  When  operating  as  a  power 
generator,  pressure  fluctuations  within  the  main  chamber  are  converted  to  an  electrical  signal, 
which  is  rectified  and  stored  in  a  battery  or  capacitor.  In  the  actuator  configuration,  the 
voltage  applied  to  the  piezoelectric  element  induces  a  strain  in  the  element  resulting  in  a  net 
volume  change  in  the  pump  chamber.  A  controller  synchronized  with  the  pump  signal  cycles  the 
active  valves  out  of  phase  with  each  other  in  a  specified  duty  cycle,  transforming  the  volume 
oscillations  of  the  chamber  into  a  net  fluid  flow  from  the  low  pressure  reservoir  to  the  high 
pressure  reservoir. 

In  the  power  generator  configuration,  the  transducer  operates  in  a  manner  that  is  reverse 
of  the  actuator.  The  controller  toggles  the  valves  with  a  phasing  that  allows  fluid  flow  from  the 
high  pressure  reservoir  to  the  low  pressure  reservoir,  thus  transforming  the  static  fluid  pressure 
into  high  frequency  pulses  on  the  piezoelectric  element  via  the  piston.  Valve  actuation  at  high 
frequency  creates  a  near  sinusoidal  cyclic  stress  on  the  piezoelectric  element,  thereby  generating 
electrical  charge  across  the  element.  Coupled  circuitry  rectifies  this  electrical  energy  and  stores 
it  in  a  battery  or  capacitor.  It  should  be  noted  that,  for  the  actuator/micropump  configuration, 
check  valves  can  also  be  used,  instead  of  active  valves,  which  is  demonstrated  in  [3].  However, 
for  the  power  generator  configuration,  active  valves  are  necessary  in  order  to  convert  the  static 
pressure  differential  into  pressure  fluctuations  on  the  piston.  Generic  operation  duty  cycle  of 
the  power  generator  configuration  is  shown  in  Figure  1-3. 
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(a)  Chamber  Pressure 


Figure  1-3:  Generic  operation  duty  cycle  of  the  power  generator. 


Active  valves  are  comprised  of  a  similar  chamber/piston  structure,  called  hydraulic  ampli¬ 
fication  chamber  (HAC),  which  incorporates  a  fluid  enclosed  in  the  volume  between  the  piston 
and  the  valve  diaphragm,  which  effectively  serves  to  amplify  the  small  displacements  of  the 
piezoelectric  material  into  significantly  larger  displacements  of  the  valve  cap  and  effectively 
transmits  the  high  force  actuation  capability  of  the  piezoelectric  material.  As  the  piston  in  the 
active  valve  is  displaced  by  the  piezoelectric  element,  the  pressure  of  the  compressed  fluid  acts 
to  deform  the  smaller  area  valve  membrane  located  at  the  top  of  the  chamber.  Deflection  of  the 
rigid  cap  at  the  center  of  the  valve  membrane  blocks  fluid  flow  through  the  corresponding  fluid 
orifice.  The  utilization  of  the  hydraulic  amplification  chamber  also  leads  to  minimization  of  the 
actuator  material,  and  thus  helps  in  achieving  high  power  densities.  The  ability  to  microma¬ 
chine  the  device  provides  the  scope  to  further  miniaturize  the  system  to  micro  scales,  leading 
to  higher  valve  frequencies  and  therefore  enhanced  device  power  densities. 

As  shown  in  Figure  1-2,  in  each  chamber,  namely  inlet  HAC,  main  chamber  (energy  har¬ 
vesting  chamber)  and  outlet  HAC,  a  piezoelectric  element  is  sandwiched  between  the  device 
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structure  and  a  moveable  piston  plate.  The  piston  plate  is  sufficiently  thick  for  rigidity  and 
is  tethered  to  the  chamber  wall  through  thin  flexible  diaphragms  that  extend  radially  from 
the  outer  edges  of  the  cylinder.  The  structure  effectively  constitutes  a  piston  that  can  move 
vertically  up  and  down  when  a  net  force  is  applied  to  it. 

The  prototype  MHT  device  consists  of  a  9-layer  stack  of  pyrex  and  silicon  micromachined 
layers,  as  shown  in  Figure  1-2  and  Figure  1-4.  Sealing  of  the  piston  in  the  main  chamber 
is  provided  by  annular  tethers  which  are  created  through  Deep  Reactive  Ion  Etching  (DRIE) 
of  a  SOI  wafer.  The  tether  thickness  ("lO/un)  is  defined  by  the  SOI  device  layer,  and  the 
buried  oxide  acts  as  an  etch  stop.  All  glass  layers  are  patterned  by  conventional  diamond 
core  drilling.  Piezoelectric  cylinders  are  core  drilled  from  piezoelectric  substrate  plates,  onto 
which  a  Ti-Pt-AuSn-Au  multilayer  film  is  sputter-deposited  for  eutectic  bonding.  The  device 
assembly  is  accomplished  through  anodic  bonding  of  the  glass  layers  to  the  silicon  layers  at 
300°C,  a  process  which  also  enables  the  AuSn  eutectic  alloy  to  melt.  Upon  cooling,  the  alloy 
solidifies,  bonding  the  piezoelectric  cylinders  to  the  silicon  layers.  Detailed  information  about 
the  fabrication  techniques  developed  for  piezoelectric  micro-hydraulic  transducers  can  be  found 
in[3],  [6],  and  [7]. 

1.3  Preliminary  Design  Considerations 

The  proposed  MHT  devices  derive  their  enhanced  performance  from  several  inherent  design 
features.  For  efficient  device  operation,  the  compliances  within  the  system,  which  result  from 
the  deformations  of  the  structural  members  like  piston,  tether  and  support  structures,  and  com¬ 
pression  of  the  working  fluid  within  the  chambers  should  be  minimum.  This  implies  that  the 
chambers  should  have  small  volumes  and  the  structural  members  should  be  as  thick  as  possible. 
This  introduces  trade-offs  between  fabrication  limitations  and  design  requirements.  The  type 
of  piezoelectric  element  also  affects  system  efficiency  since  the  coupling  coefficient  of  the  ele¬ 
ment  determines  the  electromechanical  energy  conversion  work-cycle.  For  the  power  generator 
configuration  the  rectifier  circuit  topology  is  another  factor  affecting  system  efficiency,  since 
it  determines  the  electromechanical  energy  conversion  work-cycle  along  with  the  piezoelectric 
material. 
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Figure  1-4:  (a)  5-layer  device  for  subcomponent  testing  (b)  Complete  9-layer  device  (c)  SEM 
of  micromachined  tethered  piston  structure  [7]. 

Design  of  the  piston  tether  structure  is  very  crucial  for  system  operation.  The  tethers  should 
be  flexible  enough  to  allow  sufficient  motion  of  the  piston,  yet  stiff  enough  to  avoid  introduction 
of  excessive  compliance  into  the  system.  Similar  design  consideration  is  also  valid  for  the  valve 
membrane.  Achieving  high  power  density  critically  depends  on  valves  having  high  bandwidth 
(frequencies  in  the  tens  of  kilohertz),  sufficient  actuation  force  to  overcome  large  pressures  ("1-2 
MPa)  and  large  stroke  ("20-30 fim).  The  valve  membranes  should  be  designed  such  that  they 
are  flexible  enough  to  allow  for  large  valve  stroke  and  stiff  enough  to  operate  against  high 
pressures  and  have  high  natural  frequencies.  Large  stroke  actuation  of  the  valve  cap  generally 
results  in  nonlinear  membrane  behavior. 

Possible  fluidic  and  structural  oscillations  within  the  system  should  be  considered.  For 
example  the  fluid  channels  and  the  main  chamber  constitute  a  resonating  system  similar  to 
a  Helmholtz  resonator.  Similarly,  piezoelectric  element  and  piston  dynamics,  which  affect  the 
bandwidth  of  the  device,  should  also  be  considered. 

Important  design  limitations  are  maximum  allowable  stress  in  the  membranes  and  the  de¬ 
polarization  stress  of  the  piezoelectric  material.  The  stress  in  the  tether  structures  shouldn’t 
exceed  lGPa  [7].  Piezoelectric  materials  also  differ  in  their  depolarization  stress,  which  deter¬ 
mines  the  energy  density  of  the  material.  If  during  the  operation,  the  stress  on  the  piezoelectric 
element  exceeds  the  depolarization  stress,  the  element  looses  its  functionality. 

The  choice  of  working  fluid  is  also  important  since  different  fluids  have  different  bulk  moduli, 


Figure  1-5:  Overall  system  architecture  for  the  heel  strike  power  generation  configuration, 
densities  and  viscosities. 


1.4  Objective,  Scope  and  Organization  of  the  Thesis 

Since  these  devices  are  complex,  comprehensive  simulation  tools  are  needed  for  effective  de¬ 
sign.  Operation  of  each  subcomponent  of  the  device  is  highly  coupled  and  every  design  decision 
should  be  made  with  remaining  components  in  mind.  The  simulation  tool  should  allow  for  the 
monitoring  of  important  parameters  such  as  chamber  pressure,  flowrate,  and  various  structural 
component  deflections  and  stresses.  A  system  level  simulation  tool  is  needed  which  should  be 
developed  by  integration  of  different  energy  domains,  namely  fluids,  structures,  piezoelectric 
material  and  circuitry.  The  challenges  in  modeling  and  simulation  are:  microscale  fluid  flow, 
incorporation  of  membrane  behavior  into  dynamic  simulation,  prediction  of  structural  compli¬ 
ances  and  incorporation  of  the  elastic  equations  of  the  structural  members  into  simulation. 

The  MHT  group  at  MIT  Active  Material  and  Structures  Laboratory(AMSL)  has  obtained 
good  experimental  correlation  for  subcomponent  models  from  tests  on  piezoelectrically  driven 
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piston/tether  structure,  hydraulic  amplification  chamber  structure  and  valve  membrane  [6], 
flow  tests  through  macro  disc  valves  [4],  and  micropumps  [3]. 

This  thesis  focuses  on  the  modeling  and  design  of  piezoelectric  microhydraulic  transducers 
used  as  power  generators.  The  system  architecture  for  a  possible  application,  namely  heel  strike 
power  generation  configuration  is  shown  in  Figure  1-5.  The  scope  of  the  thesis  is  shown  with 
the  dashed  line  in  the  system  architecture.  The  heel  package  design  will  not  be  discussed.  Also 
design  of  the  active  valve  structure  will  not  discussed,  which  is  detailed  in  [5].  Orifice  models 
developed  in  [4]  are  used  for  fluid  flow  through  the  valves. 

The  objectives  of  this  thesis  are: 

-  To  develop  a  comprehensive  system  level  model  and  simulation  tool  to  analyze  the  main 
chamber  and  the  associated  fluid  channels  and  valves, 

-  To  gain  insight  into  system  operation  and  understand  the  factors  affecting  the  system 
performance, 

-  Develop  a  design  procedure,  which  should  be  complemented  by  the  design  of  the  active 
valves. 

The  organization  of  the  thesis  is  as  follows:  Chapter  2  presents  an  analysis  of  piezoelectric 
power  generation  based  on  Unear  electromechanical  energy  conversion.  Effect  of  circuitry  and 
piezoelectric  material  on  energy  density  and  effective  coupling  factor  is  discussed.  Chapter  3 
presents  a  simple  model  of  the  energy  harvesting  chamber,  simulations  with  the  coupled  circuitry 
and  preliminary  design  considerations.  The  interaction  of  the  main  chamber  and  the  circuitry  is 
discussed.  The  circuits  presented  in  Chapter  2  and  different  piezoelectric  materials  are  compared 
in  terms  of  flowrate  and  frequency  requirements  for  a  given  pressure  differential  and  power,  and 
in  terms  of  system  efficiency.  Chapter  4  presents  the  detailed  modelling  of  the  energy  harvesting 
chamber  and  investigates  the  contribution  of  different  structural  components  on  the  effective 
compliance  of  the  chamber.  It  also  presents  the  simulation  architecture  used  for  integrating 
elastic  equations  into  system  level  simulation.  Chapter  5  discusses  further  design  considerations 
for  choosing  chamber  geometry  with  regard  to  operation  conditions  like  maximum  pressure, 
operation  frequency  and  flowrate.  Parameter  studies  are  performed  and  a  design  procedure 
is  developed.  Chapter  6  summarizes  important  results  and  conclusions  presented  in  previous 
chapters  and  presents  recommendations  for  future  work. 
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Chapter  2 


Piezoelectric  Power  Generation  and 


Circuitry 


This  chapter  presents  an  analysis  of  piezoelectric  power  generation  based  on  linear  electrome¬ 
chanical  energy  conversion.  Effect  of  circuitry  and  piezoelectric  material  on  electromechanical 
energy  conversion  and  energy  density  is  discussed. 

2.1  Introduction 

Piezoelectric  materials  are  mostly  used  as  sensors  and  actuators.  Since  they  are  capable  of 
electromechanical  energy  conversion  and  some  have  high  coupling  coefficients,  which  is  an  in¬ 
dication  of  the  efficiency  of  the  electromechanical  energy  conversion,  they  can  be  also  used  as 
power  generators  from  ambient  vibration  or  impact  energy,  and  as  structural  vibration  dampers. 
The  idea  and  the  governing  principles  are  the  same  for  power  generation  and  structural  vibra¬ 
tion  damping,  using  piezoelectric  elements  and  passive  circuit  elements.  Damping  of  structural 
vibrations  with  passive  electrical  circuit  elements  is  discussed  in  [15]  and  [14].  This  method 
eliminates  the  need  for  viscoelastic  materials  or  mechanical  vibration  absorbers  attached  to  the 
structure,  or  complex  amplifiers  which  are  required  by  the  piezoelectric  materials  for  active 
structural  control  systems  [15].  The  coupling  between  mechanical  and  electrical  domains  pro¬ 
vided  by  the  piezoelectric  effect  allows  the  damping  mechanism  to  be  implemented  as  electrical 
circuit  elements  rather  than  physical  masses,  springs  and  dampers.  Most  of  the  discussions 
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which  are  valid  for  the  structural  damping  applications  with  piezoelectric  elements  are  valid 
for  the  power  generation  from  ambient  vibration  or  impact  energy  with  piezoelectric  elements. 
In  both  cases,  the  purpose  is  to  transfer  as  much  energy  from  the  mechanical  to  the  electrical 
domain.  The  transferred  energy  to  the  electrical  domain  can  be  either  dissipated  or  stored. 
If  a  piezoelectric  element  is  shunted  with  a  resistor  or  with  a  resistor  and  inductor  network, 
the  converted  electrical  energy  is  basically  dissipated.  However,  if  the  piezoelectric  element  is 
connected  to  a  rectifier  circuit,  a  diode  bridge  for  example,  with  a  capacitor  or  battery,  the 
converted  electrical  energy  can  be  stored. 


2.2  Previous  Work 

Structural  damping  with  piezoelectric  elements  shunted  with  a  resistor  and  a  resistor-inductor 
network  is  analyzed  in  [15].  In  the  resistive  shunting  the  electromechanical  energy  conversion 
efficiency  depends  on  the  operation  frequency,  and  the  optimum  frequency  depends  on  the 
resistance  value.  In  other  words,  optimum  efficiency  is  obtained  when  the  impedance  of  the 
piezoelectric  element  is  equal  to  the  impedance  of  the  resistance.  Shunting  with  a  resistor 
and  inductor  introduces  an  electrical  resonance,  which  can  be  optimally  tuned  to  structural 
resonances  for  maximum  vibration  damping. 

Linear  shunting  components  such  as  resistive  elements  or  resistive-inductive-capacitive  cir¬ 
cuits  produce  behavior  analogous  to  that  of  viscoelastic  damping  materials  and  tuned  proof- 
mass  dampers.  Nonlinear  piezoelectric  shunting  for  structural  damping  using  a  piezoelectric 
element  attached  to  a  diode  bridge  and  a  DC  voltage  is  presented  in  [14].  The  rectified  DC  shunt 
performs  less  well  in  terms  of  energy  conversion  efficiency  compared  with  the  resistive  shunt  at 
optimum  frequency.  However,  unlike  the  resistive  shunt,  the  rectified  DC  shunt  is  independent 
of  frequency  and  the  transferred  energy  can  be  recovered  depending  on  the  implementation  of 
the  DC  voltage  source. 

Power  generation  characteristics  of  piezoelectric  elements  in  response  to  impact  loads  are 
investigated  in  [9],  [10]  and  [11],  In  the  first  two,  a  ball  is  dropped  from  a  certain  height  onto  a 
piezoelectric  plate  vibrator.  In  the  first  one,  the  piezoelectric  vibrator  is  shunted  with  a  resistor 
and  the  efficiency  of  transformation  from  mechanical  to  electrical  energy  in  terms  of  initial 
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height  and  shunted  resistance  value  is  investigated.  The  efficiency  is  defined  as  the  ratio  of  the 
electrical  energy  dissipated  in  the  resistor  to  the  initial  impact  energy.  The  input  mechanical 
impact  energy  effects  the  efficiency  due  to  nonlinearity  in  the  vibrator  and  as  expected  there 
is  an  optimum  resistance  value.  They  conclude  that  efficiency  increases  with  decreasing  input 
impact  energy,  increasing  mechanical  quality  factor  Qmi  increasing  electromechanical  coupling 
coefficient  and  decreasing  dielectric  loss  tan  6.  They  obtain  a  maximum  efficiency  of  52%. 

The  same  authors  of  [9]  investigate  the  power  generation  characteristics  of  the  same  sys¬ 
tem  attached  to  a  diode  bridge  and  capacitor  instead  of  a  resistor  in  [10].  In  this  case  the 
transformation  efficiency  is  defined  as  the  ratio  of  the  impact  energy  to  the  energy  stored  in 
the  capacitor.  As  the  capacitance  of  the  capacitor  increases,  the  electric  charge  increases  be¬ 
cause  the  duration  of  the  oscillation  becomes  longer  and  the  output  voltage  decreases.  They 
conclude  that  there  exists  an  optimum  capacitance  value  in  terms  of  transformation  efficiency. 
They  obtain  a  maximum  efficiency  of  35%.  It  should  be  noted  that,  if  a  force  were  imposed 
on  a  piezoelectric  element,  the  voltage  on  the  capacitor  would  always  increase  until  half  of  the 
open  circuit  voltage  which  corresponds  to  the  maximum  stress  on  the  piezoelectric  element, 
regardless  of  the  capacitance  of  the  capacitor.  The  value  of  the  capacitance  would  change  the 
duration  in  which  the  maximum  voltage  is  reached  and  the  stored  energy  in  the  capacitor  would 
be  proportional  to  its  capacitance,  since  the  maximum  voltage  is  constant  for  a  given  maximum 
stress.  In  the  paper  discussed  above,  the  force  on  the  piezoelectric  element  is  not  imposed,  it 
is  determined  depending  on  the  impedances  of  the  vibrator  and  the  capacitor.  In  this  case,  the 
impedance  matching  principle  cannot  be  applied  since  the  system  is  nonlinear  because  of  the 
diode  bridge.  No  power  density  figures  are  reported  in  [9]  and  [10]. 

Piezoelectric  power  generation  from  thermal  energy  is  presented  in  [20].  This  paper  discusses 
an  energy  conversion  system  in  which  thermal  energy  is  converted  to  high  frequency,  high  voltage 
electric  a.c  energy.  The  conversion  system  is  composed  of  a  thermal-acoustic  natural  heat  engine 
and  a  piezoelectric  transduction  system  to  convert  the  acoustic  energy  to  electric  energy. 

Another  system  to  convert  acoustic  energy  to  electric  energy  is  presented  in  [35].  The 
device  is  designed  to  convert  waste  acoustic  energy,  e.g.  in  automobile  or  airplane  jet  engines 
to  electrical  energy  in  a  predetermined  frequency  range.  The  system  consists  of  a  piezoelectric 
bending  element,  means  for  mounting  the  piezoelectric  bending  element  in  an  acoustic  energy 
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path  and  a  tuning  means  mounted  on  to  the  piezoelectric  bending  element  to  set  the  resonant 
frequency  of  oscillation  of  the  piezoelectric  bending  element  within  the  predetermined  frequency 
range. 

The  idea  of  piezoelectric  power  generation  from  the  ocean  waves  is  patented  in  [27]-[32] 
by  Ocean  Power  Technologies,  Inc.  The  motivation  in  these  studies  is  to  utilize  the  enormous 
amount  of  mechanical  energy  present  in  the  oceans.  [27]  relates  to  the  generation  of  electrical 
power  from  waves  on  the  surface  of  bodies  of  water,  and  particularly  to  the  conversion  of  the 
mechanical  energy  of  such  waves  to  electrical  energy  by  means  of  piezoelectric  materials.  The 
system  consists  of  piezoelectric  elements  in  the  form  of  one  or  a  laminate  of  sheets,  each  sheet 
having  an  electrode  on  opposite  surfaces  thereof,  a  support  means  for  maintaining  the  structure 
in  a  preselected  position  within  and  below  the  surface  of  the  water.  In  certain  embodiments,  the 
elements  are  designed  to  enter  into  mechanical  resonance  in  response  to  the  passage  of  waves 
thereover,  increasing  the  mechanical  coupling  efficiency  between  the  waves  and  the  elements. 
Similar  approaches  are  presented  in  [28]  and  [30].  In  [28],  a  float  on  a  body  of  water  is  mechani¬ 
cally  coupled  to  a  piezoelectric  material  member  for  causing  alternate  straining  and  de-straining 
of  the  member  in  response  to  the  up  and  down  movement  of  the  member  in  response  to  passing 
waves,  thereby  causing  the  member  to  generate  electric  energy.  The  output  impedance  of  the 
float  is  matched  to  the  input  impedance  of  the  member  for  increasing  the  energy  transfer  from 
the  float  to  the  member.  In  [30],  the  system  comprises  a  weighted  member  supported  from  a 
piezoelectric  element  for  applying  a  preselected  strain  to  the  element.  In  one  embodiment,  the 
element  is  supported  by  a  float  floating  on  the  surface  of  the  water.  In  another  embodiment, 
the  element  is  supported  above  the  surface  of  the  water  and  the  weighted  member,  of  negative 
buoyancy,  is  immersed  in  the  water.  Means  are  provided  for  tuning  the  natural  frequency  of 
the  system  to  cause  it  to  enter  into  mechanical  resonance  in  response  to  passing  waves.  Similar 
approaches  are  presented  in  [29],  [31]  and  [32], 

Some  circuitry  considerations  for  piezoelectric  power  generation  are  presented  in  [33]  and 
[26].  [33]  presents  a  DC  bias  scheme  for  improved  efficiency  for  applications  including  elec- 
trostrictive  materials,  which  have  very  weak  piezoelectric  characteristics.  However,  if  a  DC 
bias  is  applied,  the  piezoelectric  characteristics  can  be  significantly  increased.  [26]  presents  an 
alternative  rectifier  circuit,  which  includes  an  inductor,  a  SCR(silicon  controlled  rectifier)  and 
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a  voltage  detection  circuit  in  the  conduction  path  between  the  piezoelectric  element  and  the 
storage  element,  a  capacitor  for  example.  The  object  is  to  optimize  the  transfer  of  the  energy 
produced  by  a  piezoelectric  transducer  to  a  load.  Another  circuit  designed  for  a  wide  variety 
of  applications  is  presented  in  [36]. 

Piezoelectric  power  generation  for  electronic  wristwatch  applications  is  presented  in  [23]- 
[25].  [23]  presents  an  electronic  wristwatch  having  a  piezoelectric  generator  in  it.  The  generator 
converts  energy  from  mechanical  to  electrical  energy  to  drive  the  electronic  wristwatch.  The 
oscillation  of  a  weight  produces  mechanical  energy  as  it  oscillates.  A  wheel  train  transmits 
the  mechanical  energy  to  the  generator  by  applying  a  torque  to  the  generator.  The  generated 
voltage  is  rectified  with  a  diode  bridge.  Similar  systems  are  presented  in  [24]  and  [25]. 

Piezoelectric  power  generation  from  wind  energy  is  presented  in  [21]  and  [22].  The  system 
presented  in  [22]  consists  of  a  piezoelectric  transducer  mounted  on  a  resilient  blade  which  in 
turn  is  mounted  on  an  independently  flexible  support  member.  Fluid  flow  against  the  blade 
causes  bending  stresses  in  the  piezoelectric  polymer  which  produces  electric  power. 

Other  piezoelectric  power  generation  systems  are  presented  in  [34],  [39],  [38]  and  [37].  [34] 
presents  a  piezoelectric  fluidic-electric  generator  which  consists  of  a  piezoelectric  bending  ele¬ 
ment,  means  for  driving  the  piezoelectric  bending  element  to  oscillate  with  the  energy  of  the 
fluid  stream,  and  electrodes  connected  to  the  piezoelectric  element  to  conduct  current  generated 
by  the  oscillatory  motion  of  the  piezoelectric  element.  [39]  presents  a  system  which  consists  of 
a  piezoelectric  array  which  is  mounted  on  one  or  more  tires  of  a  motor  vehicle.  As  the  vehicle 
drives  on  the  road,  the  tire  is  flexed  during  each  revolution  to  distort  the  piezoelectric  elements 
and  generate  electricity. 

Piezoelectric  materials  are  also  used  in  power  electronics  applications  such  as  transformers. 
Piezoelectric  transformers  are  composite  resonators  made  of  two  bonded  piezoelectric  parts. 
The  vibration  of  one  part,  excited  by  an  input  electric  voltage,  induces  an  output  voltage 
across  the  other  part  [40].  In  other  words,  a  piezoelectric  transformer  works  by  using  the  direct 
and  converse  piezoelectric  effects  to  acoustically  transform  power  from  one  voltage  and  current 
level  to  another  [44].  Detailed  information  about  the  operational  characteristics  of  piezoelectric 
transformers  can  be  found  in  [41]  and  [42]. 

Piezoelectric  transformers  have  low-electric  noise  because  they  transmit  power  by  median- 
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ical  vibration.  They  can  also  operate  efficiently  at  high  frequencies,  whereas  conventional 
electromagnetic  transformers  are  not  efficient  at  high  frequencies  because  of  core  loss  and  cop¬ 
per  loss.  Other  advantages  over  the  electromagnetic  transformers  can  be  stated  as  high  voltage 
isolation  between  primary  and  secondary,  high  frequency  operation  leading  to  reduction  in  the 
filter  capacitors  and  low  weight  and  size  [43].  Since  piezoelectric  transformers  have  much  higher 
power  densities  than  electromagnetic  transducers,  they  are  very  promising  as  power  electronic 
components  for  miniature  and  lightweight  electrical  equipment. 

Fundamental  limits  on  energy  transfer  of  piezoelectric  transformers  are  discussed  in  [44], 
The  discussion  details  similar  considerations  to  those  of  the  piezoelectric  power  generation  con¬ 
cept.  One  has  to  consider  the  work  cycle  of  electromechanical  energy  conversion  and  associated 
circuitry.  Also  the  maximum  electric  field,  the  maximum  surface  charge  density,  the  maximum 
stress  and  the  maximum  strain  of  the  piezoelectric  element  are  important  criteria  to  consider 
when  determining  the  limitations  of  power  transfer  in  a  piezoelectric  transformer,  as  well  as  in 
a  piezoelectric  power  generation  system. 

2.3  Theoretical  Background 

The  linear  electromechanical  energy  conversion  process  with  piezoelectric  ceramics  is  by  far  the 
easiest  to  handle,  since  the  piezoelectric,  dielectric  and  elastic  constants  can  be  applied  directly 
[8].  In  linear  analysis,  the  coefficients  mentioned  above  are  assumed  to  be  constant  during  the 
operation.  The  nonlinearity  at  high  fields  and  hysteresis  effects  are  ignored,  i.e.  the  losses 
due  to  nonlinear  effects  are  not  considered.  It  is  also  assumed  that  the  operation  frequency  is 
well  below  the  lowest  resonant  frequency  of  the  piezoelectric  element,  i.e.  the  operation  can 
be  considered  as  quasi-static.  The  linear  constitutive  relationships  for  a  general  piezoelectric 
element  are: 
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where  D  is  a  vector  of  electric  displacements  or  charge  density(charge/area),  S  is  the  vector 
of  material  engineering  strains,  E  is  the  vector  of  electrical  field  in  the  material  (volts/meter), 
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T  is  the  vector  of  material  stresses  (force/area),  e  is  the  matrix  of  dielectric  constants,  d 
is  the  matrix  of  piezoelectric  constants  and  s  is  the  matrix  of  compliance  coefficients  of  the 
piezoelectric  element.  The  superscripts  ()T  and  ()E  signify  that  the  coefficients  are  measured 
at  constant  stress  and  constant  electric  field  respectively  and  the  subscript  ()t  denotes  the 
matrix  transpose.  In  this  chapter,  a  specific  case  will  be  considered  where  the  piezoelectric 
element  is  subjected  to  compression  parallel  to  the  polarization  of  the  element.  It  is  assumed 
that  the  lateral  dimensions  are  small  compared  to  the  axial  dimension,  so  that  only  the  axial 
stress  T3  needs  to  be  considered  (Ti  =  T2  «  0).  Or,  it  can  be  assumed  that,  the  element  is  free 
to  expand  in  lateral  directions  so  that  T3  is  the  only  nonzero  stress  component.  Under  these 
conditions,  equation  2.1  reduces  to 


^3 
_  S3 

where  the  first  and  second  subscripts  of  the  piezoelectric,  dielectric  and  elastic  constants 
denote  the  orientation  of  the  electric  field  and  the  stress  respectively. 

Quasi-static  coupling  factors,  or  coefficients,  are  very  common  and  useful  definitions  for 
piezoelectric  energy  conversion.  The  coupling  coefficients  are  dimensionless  and  thus  they  pro¬ 
vide  a  useful  comparison  between  different  piezoelectric  materials  independent  of  the  specific 
values  of  permittivity  or  compliance.  The  definition  of  the  coupling  coefficient  described  above 
is  given  in  [18].  Figure  2-1  illustrates  graphically  the  meaning  of  the  coupling  coefficient  £33. 
The  cycle  shown  is  as  follows:  first,  the  piezoelectric  element  is  compressed  under  short  circuit 
condition,  then  the  compressive  stress  is  removed  under  open  circuit  condition,  and  then  the 
cycle  is  completed  under  constant  stress  condition  by  applying  an  ideal  electric  load.  As  work  is 
done  on  the  electric  load,  the  strain  returns  to  its  initial  state.  For  the  idealized  case  illustrated 
in  Figure  2-l(a),  the  coupling  coefficient  is  defined  as: 
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where  W\  is  the  work  done  on  the  electric  load  and  W2  is  the  part  of  the  energy  unavailable 
to  the  electric  load  or  the  reversible  stored  elastic  energy  (strain  energy). 

Similarly,  the  coupling  coefficient  for  energy  conversion  from  electrical  energy  to  mechanical 
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Figure  2-1:  Graphic  illustration  of  electromechanical  energy  conversion  and  definition  of  the 
piezoelectric  coupling  factor  £33  given  in  [18]  (a)  Conversion  of  energy  from  a  mechanical  source 
to  electrical  work  (b)  Conversion  of  energy  from  an  electrical  source  to  mechanical  work. 


energy  can  be  derived  using  the  idealized  cycle  illustrated  in  Figure  2-l(b),  First,  the  element 
is  mechanically  free  when  the  electric  source  is  connected.  Then  the  element  is  blocked  me¬ 
chanically  parallel  to  polarization  before  the  electric  source  is  disconnected.  Then  with  £3  =  0 
the  mechanical  block  is  removed  and  in  its  place  a  finite  mechanical  load  is  provided.  For  this 
idealized  cycle  of  work  illustrated  in  Figure  2-1  (b),  the  coupling  coefficient  is  defined  as: 
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where  Wi  is  the  work  done  on  the  mechanical  load  and  W2  is  the  part  of  the  energy 
unavailable  to  the  mechanical  load. 


The  idealized  work  cycles  illustrated  in  Figure  2-1  correspond  to  the  standard  definition  of 
the  piezoelectric  coupling  coefficient.  Berlincourt  proposes  alternative  work  cycles  of  reversible 
electromechanical  energy  conversion  in  [8].  These  cycles  are  shown  in  Figure  2-2.  The  first 
one,  which  is  illustrated  in  Figure  2-2(a)  corresponds  to  a  case  where  the  element  is  compressed 
with  the  electric  load  not  connected,  i.e.  under  open  circuit  conditions,  then  the  electric  load 
is  connected  with  stress  maintained,  then  the  mechanical  stress  is  reduced  to  zero  with  the 
electric  load  again  disconnected  and  finally  the  electric  load  is  connected  and  the  element 
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Figure  2-2:  Alternative  idealized  work  cycles  given  in  [8]. 


returns  to  its  initial  state  under  constant  stress.  In  the  cycle  illustrated  in  Figure  2-2 (b),  the 
element  is  compressed  under  open  circuit  condition,  then  the  electric  load  is  connected  with 
stress  maintained  and  finally  the  electric  load  is  connected  and  the  stress  is  reduced  under 
closed  circuit  condition  and  the  element  returns  to  its  initial  state.  The  cycle  in  Figure  2-2(c) 
is  identical  to  the  cycle  used  for  deriving  the  coupling  coefficient  in  Figure  2-1.  The  cycle  in 
Figure  2-2(d)  corresponds  to  a  case  where  the  energy  conversion  occurs  at  several  intermediate 
levels. 


Berlincourt  [8]  defines  an  effective  coupling  factor ,  which  is  equal  to 

fc2  Wl 

eff  Wl  +  W2 


(2.5) 


He  applies  this  definition  to  each  of  the  different  work  cycles  described  above.  Then  he  expresses 
the  effective  coupling  factors  for  each  of  the  different  cycles  in  terms  of  the  standard  coupling 
coefficient  given  in  Equation  2.3  as  follows: 
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k‘ff(a)  =  ^33  Y  2/(1  +  fcf3) 

(2.6) 

keff(b)  ~  ^33  \J ^  d"  ^33 

(2.7) 

keff(c)  —  &33 

(2.8) 

keff(d)  =  &33  \jl/ (n  +  fc|3) 

(2.9) 

where  fc33  is  the  standard  coupling  coefficient  and  n  is  the  number  of  intermediate  levels  in 
Figure  2-2 (d).  Prom  equation  2.6  it  is  apparent  that  the  coupling  coefficient  corresponding  to 
the  first  case  in  Figure  2-2  is  greater  than  the  standard  coupling  coefficient  defined  previously. 

It  is  important  to  note  that,  the  cycles  described  so  far  are  idealized  or  hypothetical  cycles. 
The  energy  conversion  process  occurs  with  the  mechanical  and  electrical  energy  sources  con¬ 
nected  and  disconnected  at  will.  However,  no  explanation  has  been  given  in  terms  of  how  these 
cycles  can  be  achieved  or  approximated  in  a  real  application.  In  other  words,  the  mechanical 
and  electrical  infrastructures  which  would  allow  these  cycles  to  occur  are  not  discussed.  In  this 
chapter,  conversion  from  mechanical  to  electrical  energy  is  considered,  with  emphasize  on  the 
circuitry  used  which  basically  determines  the  work-cycle.  In  other  words,  the  rectifying  cir¬ 
cuitry  is  the  electrical  infrastructure  in  the  power  generation  process.  In  the  following  sections 
two  different  circuit  topologies  will  be  analyzed  in  detail  in  terms  of  the  effective  coupling  factor 
and  energy  density. 

2.4  Circuitry  Considerations 

Although  in  the  literature  different  mechanisms  for  piezoelectric  power  generation  has  been 
presented  and  some  studies  performed  for  piezoelectric  material  characterization  for  power 
generation,  no  detailed  analysis  has  been  presented  in  terms  of  effective  coupling  factor,  energy 
density  and  piezoelectric  material  comparison  with  regard  to  circuitry.  This  section  analyzes  two 
different  circuits  for  rectifying  and  storing  the  electrical  energy  generated  by  the  piezoelectric 
element.  These  circuits  constitute  examples  of  nonlinear  shunting  of  piezoelectric  elements.  The 
first  one  is  a  regular  full  bridge  rectifier  with  a  battery  attached  to  it.  The  second  circuitry  is  the 
same  circuit  proposed  in  [26]  for  piezoelectric  power  generation,  which  consists  of  a  full  bridge 
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(a)  Full  Bridge  Rectifier  (b)  Full  Bridge  Rectifier  and  Voltage  Detector 


Figure  2-3:  Alternative  circuits  to  rectify  and  store  the  electrical  energy  generated  by  the 
piezoelectric  element. 

rectifier,  an  inductor,  a  silicon  controlled  rectifier  (SCR),  a  voltage  detector  and  a  capacitor  to 
store  the  electrical  energy.  The  circuits  are  shown  in  Figure  2-3. 

2.4.1  Modeling 

This  section  presents  the  modeling  of  the  piezoelectric  element  and  the  circuitry.  The  models 
are  same  for  the  two  circuits  under  consideration  except  some  small  differences. 

Piezoelectric  Element 

Linear  piezoelectric  constitutive  relationships  are  assumed.  The  form  of  the  constitutive  equa¬ 
tions  used  here  is  as  follows: 
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where  D  is  the  charge  field,  S  is  the  strain,  E  is  the  electric  field,  and  T  is  the  stress.  For  a 
cross-sectional  area  of  Ap  and  length  of  Lp,  the  expressions  for  the  deflection  of  the  piezoelectric 
element  and  the  voltage  across  it  become: 
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where  xp  is  the  deflection,  Qp  is  the  charge,  Fp  is  the  force  applied  on  the  piezoelectric 
cylinder,  and  Vp  is  the  voltage  across  the  piezoelectric  cylinder.  And  the  current  through  the 
piezoelectric  element  is  given  by: 


Diode  Bridge 


(2.13) 


The  model  of  the  diode  bridge  rectifier  is  based  on  [52].  The  governing  equations  can  be 
derived  using  Kirchoffs  laws  and  diode  equations.  The  notation  in  Figure  2-3  is  used.  Applying 
Kirchoffs  Current  Law (KCL)  in  the  junctions  1,2, 3, and  4,  we  get: 


h  —  h  —  h 
li  =  + i2 

H  =  *3  —  12 

h  =  —h  —  U 


The  voltages  across  the  diodes  are  given  by: 


(2.14) 


vi  =  Vi-  V2  (2.15) 

v2  =  Vi-  V2 
v3  —  V4  —  V3 
v4  =  K4-F1 


Applying  Kirchoffs  Voltage  Law  (KVL)  around  the  loops  corresponding  to  the  cases  where 
Vp  >  0  and  Vp  <  0  we  get: 


(2.16) 


-Vp  +  Vi  +  Vb  +  ^3  =  o  for  Vp>0 
Vp  +  v 2  +  Vb+Vi  =  0  for  VP<Q 

For  the  case  where  Vp  >  0.  the  currents  flowing  through  diodes  #1  and  #3  are  the  same, 

and  for  the  case  where  Vv  <  0,  the  currents  flowing  through  diodes  #2  and  -//4  are  the  same. 

Since  all  the  diodes  have  the  same  constitutive  relationship,  we  can  write: 


vi-y2 

1 

fc? 

II 

for 

Vp>  0 

Vi -Vi 

£ 

1 

£ 

II 

for 

Vp>0 

(2.17) 


Recognizing  that  Vv  =  Vi  -  V3  =  Vj,,  V4  —  O(ground)  and  using  equation  2.17  we  can  write: 


Vi  = 
Vs  = 


Vb  +  Vp 
2 

Vb-Vp 

2 


(2.18) 


The  voltage  —  current  relationships  (constitutive  law)  of  the  diodes  are: 

in  =  /c[exp^;-l],  vn>0  (2.19) 

in  =  0  vn  <  0 


where  the  subscript  ()n  denotes  the  diode  number,  q  =  1.60  x  10"19(Cf)  is  the  electron 
charge,  k  =  1.38  x  10 ~23(J/K)  is  the  Boltzman  constant  and  T  is  the  temperature(T  =  300#). 
I0  and  r]  are  diode  properties.  For  CS57-04  diode  (Collmer  Semiconductor,  Inc.),  whose  values 
will  be  used  throughout  the  thesis,  they  are  measured  to  be:  IQ  ==  10“6  and  77  =  17.25  [19]. 
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Diode  Bridge  and  Voltage  Detection  Circuit 

For  the  diode  bridge  with  the  voltage  detection  circuit,  the  model  is  similar.  The  equations 
2.14,  2.15,  and  2.19  are  valid.  However  because  of  the  implementation  of  the  voltage  detection 
circuit  and  SCR,  the  simulation  architecture  is  different  [53],  which  is  shown  in  Appendix  A. 
The  voltage  detection  circuit  is  not  modeled.  Only  its  function  is  implemented  in  Simulink. 
The  Kirchoffs  Voltage  Law  can  be  written  for  this  case  using  the  notation  in  Figure  2-3  as: 


-Vv  +  + 1>5  +  Vscr  +  Vc  + 1>3  =  0  for  Vp  >  0 

Vp  +  V2  +  vs  +  Vscr  +  Vc  +  =  0  for  Vp  <  0 


(2.20) 


The  voltage  across  the  inductor  is  given  by: 


And  we  can  also  write 


(2.21) 


Vc 


-h! 


h 


(2.22) 


2.4.2  Simulation  and  Analysis 

Simulations  are  performed  using  Matlab/Simulink.  The  Simulink  blocks  and  additional  details 
are  given  in  the  Appendix  A.  The  Simulink  architecture  is  shown  in  Figure  2-4.  The  piezoelectric 
element  block  includes  the  constitutive  relationships  and  the  circuit  block  includes  the  equations 
corresponding  to  the  circuitry.  The  piezoelectric  element  is  excited  with  an  imposed  force  on 
it.  The  geometry  and  operation  conditions  chosen  for  the  simulation  are  shown  in  Table  2.1. 

The  imposed  force  is  sinusoidal  with  an  offset,  namely  it  fluctuates  between  zero  and  the 
force  corresponding  to  the  maximum  applicable  stress,  which  is  the  depolarization  stress  of  the 
piezoelectric  element.  In  the  case  of  PZN-4.5%PT,  the  depolarization  stress  is  measured  to 
be  around  lOMPa  [19].  For  the  chosen  piezoelectric  cylinder  diameter,  the  maximum  force  is 
31. 4A.  Detailed  comparison  of  different  piezoelectric  materials  will  be  presented  in  section  2.6. 
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Output 


Figure  2-4:  Simulation  architecture  used  to  simulate  the  piezoelectric  element  connected  to  the 
full  bridge  rectifier.  The  force  is  imposed  on  the  piezoelectric  element. 


Length  of  the  piezoelectric  element,  Lp 

1mm 

Diameter  of  the  piezoelectric  element,  Dp 

2mm 

Operation  frequency,  / 

20  kHz 

Maximum  force,  Fp 

01  AN 

Optimum  battery  voltage,  H 

90V 

Piezoelectric  material 

PZN  -  4.5 %PT 

Table  2.1:  Geometry  and  operation  conditions  used  in  simulation 
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Full  Bridge  Rectifier 


Simulation  Simulation  time  histories  are  shown  in  Figure  2-5.  The  operation  at  steady  state 
can  be  summarized  as  follows:  During  the  compression  of  the  piezoelectric  element  the  voltage 
on  it  increases.  If  it  reaches  the  battery  voltage,  current  starts  to  flow  through  the  battery  and 
in  fact  the  piezoelectric  element  voltage  is  a  little  bit  higher  than  the  battery  voltage  during 
this  interval  which  causes  the  current  to  flow.  The  amount  which  the  piezoelectric  element 
voltage  exceeds  the  battery  voltage  during  this  interval  depends  on  the  diode  properties  and 
other  resistances  in  the  system.  When  the  force  on  the  piezoelectric  element  begins  decreasing, 
the  voltage  decreases  too  and  when  it  becomes  less  than  the  battery  voltage  current  stops 
flowing  through  the  battery.  As  the  force  on  the  piezoelectric  element  keeps  decreasing,  the 
voltage  on  the  piezoelectric  elements  keep  decreasing  until  it  reaches  the  negative  value  of  the 
battery  voltage.  At  this  point,  current  begins  to  flow  through  the  battery,  now,  however,  from  a 
different  branch  of  the  diode  bridge,  namely  through  different  diodes.  Again  during  this  interval 
the  voltage  on  the  piezoelectric  element  exceeds  the  battery  voltage  a  little  bit  (in  this  case  it 
is  lower  than  the  negative  value  of  the  battery  voltage).  When  the  force  begins  increasing,  the 
voltage  begins  increasing  too  and  again  no  current  flows  through  the  battery.  Throughout  the 
operation,  the  voltage  on  the  piezoelectric  element  fluctuates  between  the  negative  and  positive 
values  of  the  battery  voltage. 

In  order  to  get  insight  into  the  energy  conversion  mechanism  and  to  derive  the  governing 
equations  in  the  next  section,  it  is  worthwhile  to  look  at  the  force  vs.  deflection  and  voltage  vs. 
charge  plots  of  the  piezoelectric  element.  These  are  plotted  in  Figure  2-6.  The  most  important 
observation  is  that  there  are  two  major  regimes  during  the  operation:  Operation  under  open 
circuit  conditions,  where  the  compliance  of  the  piezoelectric  element  is  small,  i.e  the  piezoelectric 
element  is  hard;  and  operation  under  closed  circuit  conditions,  where  the  compliance  of  the 
piezoelectric  element  is  large,  i.e  the  piezoelectric  element  is  soft.  The  compliances  in  these 
regimes  are  sg,  and  sf3  for  open  circuit  and  closed  circuit  conditions  respectively.  The  shaded 
region  in  Figure  2-6  corresponds  to  the  stored  electrical  energy  in  one  cycle.  The  generated 
power  is  then  simply  this  energy  times  the  operation  frequency. 

The  battery  voltage  has  an  important  effect  on  the  performance.  The  simulation  results 
presented  in  Figure  2-5  and  Figure  2-6  correspond  to  the  optimum  battery  voltage  (90  V).  The 
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(a)  Applied  Force 


(d)  Current  through  Battery (4) 


Figure  2-5:  Time  histories  from  the  simulation  of  the  piezoelectric  element  connected  to  the 
full  bridge  rectifier  for  the  case  of  imposed  force.  The  generated  power  is  I^Vb. 
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Figure  2-6:  Force  vs.  deflection  and  voltage  vs.  charge  plots  of  the  piezoelectric  element 
compressed  under  the  applied  force  for  the  case  of  full  bridge  rectifier. 


force  vs.  deflection  of  the  piezoelectric  element  for  different  values  of  battery  voltage  is  shown  in 
Figure  2-7.  It  is  found  that,  the  maximum  power  is  obtained  with  an  optimum  battery  voltage 
of: 


1  <r(sf3  -  sgjLp 
4  ^33 


(2.23) 


where  Voc  is  the  open  circuit  voltage  of  the  piezoelectric  element,  and  are  the  closed 
circuit  and  open  circuit  compliances  of  the  piezoelectric  element  respectively,  d33  is  the  piezo¬ 
electric  coefficient,  a  is  the  maximum  stress  on  the  piezoelectric  element,  and  Lp  is  the  length 
of  the  piezoelectric  element.  Open  circuit  voltage  at  a  given  stress  is  the  voltage  generated 
by  the  piezoelectric  element  when  compressed  under  open  circuit  conditions.  In  fact  the  opti¬ 
mum  battery  is  the  voltage  which  optimizes  the  shape  of  the  force  vs.  displacement  curve  for 
maximum  enclosed  area. 


It  should  be  noted  that  the  above  analysis  is  done  for  a  case  where  the  force  on  the  piezoelec¬ 
tric  element  is  varying  between  zero  and  a  maximum  value  which  corresponds  to  the  depolar¬ 
ization  stress  of  the  piezoelectric  element.  In  order  to  analyze  the  case  where  the  force  is  biased, 
the  system  is  simulated  for  nonzero  positive  or  negative  minimum  forces.  It  has  been  discovered 
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(a)  Force  vs.  Deflection  of  the  Piezoelectric  Element 


Piezoelectric  Element  Deflection[/xm] 


Figure  2-8:  Effect  of  bias  force  on  the  workcycle. 

that  the  optimum  battery  voltage  depends  only  on  the  stress  band  on  the  piezoelectric  element, 
namely  on  the  difference  of  the  maximum  and  minimum  stresses  on  the  piezoelectric  element. 
Figure  2-8  shows  the  workcycles  for  different  applied  forces  which  have  the  same  peak  to  peak 
values  but  different  bias  values.  For  each  case  the  optimum  battery  voltage  is  the  same  since 
the  stress  band  resulting  from  each  case  is  the  same.  Equation  2.23  can  be  rewritten  as: 


y  __  1  s3s)Lp 

b(0pt)  ~  4  4,3 


where  A  a  is  the  stress  band  on  the  piezoelectric  element. 


(2.24) 


Analysis  In  order  to  investigate  the  work  cycle  of  the  piezoelectric  element,  we  can  analyze 
the  stress  vs.  strain  and  electric  field  vs.charge  density  plots  of  the  piezoelectric  element  in 
detail.  Important  features  of  the  work  cycle  is  shown  in  Figure  2-9  which  corresponds  to  the 
optimum  battery  voltage  case.  It  is  important  to  not  that,  the  dashed  line,  which  corresponds 
to  the  case  in  which  the  piezoelectric  element  would  be  compressed  in  closed  circuit  conditions, 
passes  through  the  middle  of  the  stress  vs.  strain  curve.  We  also  know  the  slopes  of  the  curve 
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in  the  two  different  regimes,  namely  open  circuit  and  closed  circuit  regimes.  Using  simple 
geometry,  we  can  derive  the  coordinates  of  the  corner  points.  From  the  voltage  vs.  charge 
plot  in  Figure  2-6  we  see  that  the  voltage  of  the  piezoelectric  element  fluctuates  between  the 
positive  and  negative  values  of  the  battery  voltage.  Using  constitutive  relationships  to  calculate 
the  corresponding  charge  on  the  piezoelectric  element  at  different  states,  we  can  get  the  electric 
field  vs.  the  charge  density  plot.  These  are  shown  in  Figure  2-9. 

The  electrical  energy  stored  (per  piezoelectric  element  volume)  in  the  battery  in  one  cycle 
for  the  case  of  optimum  battery  voltage,  which  is  equal  to  the  enclosed  area  by  the  stress  vs. 
strain  or  electric  field  vs  charge  density  curve  can  obtained  using  simple  geometry  from  Figure 
2-9  as: 


E  —  —  533)<j2  (2.25) 

where  sf3  and  S33  are  the  closed  circuit  and  open  circuit  compliances  of  the  piezoelectric 
element  respectively  and  a  is  the  maximum  stress  on  the  piezoelectric  element. 

Then,  the  generated  power  by  the  piezoelectric  element  can  be  expressed  as: 

W  =  \(sg-sg)a2Vpf  (2.26) 

where  Vp  is  the  volume  of  the  piezoelectric  element  and  /  is  the  operation  frequency.  From  the 
above  equation  it  can  be  seen  that  the  power  depends  heavily  on  the  stress  on  the  piezoelectric 
element.  The  most  important  limitation  on  piezoelectric  power  generation  is  the  depolarization 
stress.  For  stresses  larger  than  this,  piezoelectric  element  coefficients  degrade  and  performance 
decreases  drastically.  Each  piezoelectric  element  has  a  different  depolarization  stress,  which 
constitute  an  important  factor  when  determining  their  feasibility  as  power  generators.  Detailed 
comparison  of  different  piezoelectric  elements  will  be  presented  in  Section  2.6. 

Effective  coupling  factor  for  an  electromechanical  energy  conversion  mechanism,  in  this  case 
a  system  which  converts  mechanical  energy  into  electrical  energy  is  defined  as  the  ratio  of  the 
mechanical  work  done  on  the  system  to  the  electrical  energy  stored  in  one  cycle.  This  definition 
is  the  same  as  the  one  used  to  derive  the  coupling  coefficient.  This  is  illustrated  in  Figure  2-10. 
From  the  above  definition  we  can  write: 
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(b)EIectric  Field  vs.  Charge  Density 
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Figure  2-9:  General  presentation  of  the  work  cycle  of  the  piezoelectric  element  in  terms  of 
stress,  strain,  electric  field  and  charge  density  for  the  case  of  regular  diode  bridge. 
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Figure  2-10:  Illustration  of  the  effective  coupling  factor  for  the  case  of  regular  diode  bridge. 


kltf  = 


Wi 


(2.27) 


eff  Wi  +  W2 

Again  using  geometry,  the  effective  coupling  factor  can  be  derived  in  terms  of  the  piezoelec¬ 
tric  material  compliances  as: 

7.2  %(S33  _  S33)  fO  Oft) 

The  definition  of  the  coupling  coefficient  of  a  piezoelectric  element  was  given  in  section  2.3. 
Using  equations  2.3  and  2.28,  the  effective  coupling  factor  for  the  full  bridge  rectifier  case  can 
be  expressed  in  terms  of  the  coupling  coefficient  as: 


7.2  ..  2^33 


eff  43+2 


(2.29) 


Full  Bridge  Rectifier  and  Voltage  Detection  Circuit 

The  operation  of  this  circuit  is  as  follows:  The  voltage  detector  circuit  detects  the  voltage  right 
after  the  diode  bridge  (V2).  Initially,  the  SCR  is  in  ’’off”  state.  If  V2  reaches  its  maximum  and 
begins  decreasing,  the  voltage  detector  sends  a  current  signal  to  SCR  which  turns  it  on.  If  the 
detected  voltage  reaches  zero,  the  voltage  detector  sends  another  signal  to  SCR  which  turns  it 
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off. 


Simulation  The  simulation  architecture  is  the  same  as  in  Figure  2-4.  The  implementation 
of  the  switching  of  the  SCR  and  additional  details  of  the  Simulink  model  are  presented  in 
Appendix  A.  Again,  the  force  is  imposed  on  the  piezoelectric  element.  The  geometry,  operation 
frequency  and  the  piezoelectric  material  are  the  same  as  in  the  previous  section.  The  time 
histories  resulting  from  the  simulation  are  shown  in  Figure  2-11. 

Again,  in  order  to  get  insight  into  the  energy  conversion  mechanism  and  to  derive  the 
governing  equations,  it  is  worthwhile  to  look  at  the  force  vs.  deflection  and  voltage  vs.  charge 
plots  for  the  piezoelectric  element.  These  are  plotted  in  Figure  2-12.  We  can  see  that  there  are 
two  basic  operation  regimes.  The  first  one  is  operation  under  open  circuit  conditions,  where  the 
compliance  of  the  piezoelectric  element  is  low,  i.e  the  piezoelectric  element  is  hard.  The  second 
operation  regime  is  defined  with  the  almost  flat  lines  in  Figure  2-12.  This  regime  corresponds 
to  the  time  intervals,  where  the  switch  (SCR)  is  on.  In  this  regime,  the  piezoelectric  material 
behaves  as  a  very  soft  material. 

Since  the  SCR  is  initially  closed,  the  piezoelectric  element  is  first  compressed  under  open 
circuit  conditions,  until  the  applied  force  reaches  its  maximum  and  begins  to  decrease  (period 
1-2).  In  this  period,  the  voltage  on  the  piezoelectric  element  reaches  the  open  circuit  voltage 
corresponding  to  the  maximum  stress  applied  on  the  element.  Once  the  force  begins  to  decrease, 
the  detected  voltage,  which  is  the  rectified  piezoelectric  element  voltage,  begins  to  decrease  too, 
which  causes  the  switch  to  turn  on.  After  the  switch  turns  on,  the  voltage  decreases  very  fast 
and  the  piezoelectric  element  is  compressed  with  a  very  small  effective  stiffness.  The  switch 
turns  again  off  once  the  voltage  reaches  zero.  During  the  period  when  the  switch  is  on  (2-3), 
the  piezoelectric  element  is  squeezed  until  the  point,  as  if  it  was  being  squeezed  under  the  same 
stress  and  closed  circuit  conditions.  We  can  verify  this  by  looking  to  the  voltage  vs.  charge 
plot.  In  state  3,  the  voltage  on  the  piezoelectric  element  is  zero  and  the  force  on  it  is  almost 
the  maximum  force.  Of  course,  this  rapid  compression  occurs  in  finite  time  and  during  this 
time  interval,  the  force  decreases  a  little  bit,  which  results  in  the  almost  flat  region  in  force  vs. 
deflection  plot.  The  shorter  the  ”on”  state,  the  flatter  will  be  the  line.  It  can  be  concluded 
that,  the  performance  of  the  system  with  this  cycle  depends  highly  on  the  time  history  of  the 
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(d)  Current  through  Inductor 


Time[104s] 


Figure  2-11:  Time  histories  from  the  simulation  of  the  piezoelectric  element  connected  to  the 
full  bridge  rectifier  and  voltage  detector  circuit.  The  time  intervals  between  the  dashed  lines 
present  the  intevals  where  the  switch(SCR)  is  in  its  ”on”  state. 
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(■)  Force  v*.  Deflection  of  the  Piezoelectric  Element 


Figure  2-12:  Force  vs.  deflection  and  voltage  vs.  charge  plots  of  the  piezoelctric  element 
compressed  under  the  applied  force  for  the  case  of  full  bridge  rectifier  and  voltage  detector 
circuit. 


applied  force. 


Analysis  After  the  observations  done  in  the  previous  section,  we  can  derive  the  equations 
which  determine  the  maximum  strain  and  charge  of  the  piezoelectric  element,  the  energy  stored 
per  cycle  and  the  effective  coupling  factor.  To  keep  the  analysis  more  general,  we  again  analyze 
the  work  cycles  in  terms  of  stress  vs.  strain  and  electric  field  vs.  charge  density  plots.  Important 
features  of  the  idealized  work  cycles  are  shown  in  Figure  2-13.  As  mentioned  earlier,  there  is  a 
finite  time  associated  with  the  transition  between  states  2-3  and  4-1,  where  the  force  does  not 
remain  at  its  maximum  value.  This  time  interval  depends  highly  on  the  value  of  the  inductor 
used.  In  the  simulation,  an  inductor  of  20mH  is  used.  It  should  be  also  mentioned  that,  the 
capacitor  has  to  be  large  enough  to  avoid  saturation.  The  simulation  results  are  very  close  to 
the  idealized  cycles,  which  can  be  seen  comparing  Figure  2-12  and  Figure  2-13.  It  should  be  also 
mentioned  that,  the  difference  between  these  figures  should  be  counted  partly  on  a  simulation 
artifact.  The  switch  operation  and  open  circuit  and  closed  circuit  conditions  are  simulated 
using  very  large  and  very  small  resistances  respectively.  It  can  be  concluded  that,  the  idealized 
curves  in  Figure  2-13  are  very  good  approximations  to  the  actual  work  cycles. 
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Figure  2-13:  General  presentation  of  the  work  cycle  of  the  piezoelectric  element  in  terms  of 
stress,  strain,  electric  field  and  charge  density  for  the  case  of  the  full  bridge  rectifier  and  voltage 
detector  circuit. 


The  derivation  of  the  coordinates  of  the  points  in  Figure  2-13  is  straightforward.  The  strain 
values  can  be  found  by  using  the  slopes  of  the  stress  vs.  strain  curve.  The  maximum  charge 
can  be  calculated  using  the  constitutive  relationships  for  the  condition  of  zero  electric  field  and 
maximum  stress.  The  electrical  energy  stored  in  the  capacitor  in  one  cycle,  which  is  equal  to  the 
enclosed  area  by  the  stress  vs.strain  and  electric  field  vs.charge  density  curve  can  be  obtained 
easily  as: 


E  =  (sf3  -  sg)a2  (2.30) 

where  sf3  and  are  the  closed  circuit  and  open  circuit  compliances  of  the  piezoelectric 
element  respectively  and  a  is  the  maximum  stress  on  the  piezoelectric  element. 

Then,  the  generated  power  by  the  piezoelectric  element  can  be  expressed  as: 

W  =  (s^  —  s§z)cr2Vpf  (2.31) 

where  Vp  is  the  volume  of  the  piezoelectric  element  and  /  is  the  operation  frequency.  From 
the  above  equation  it  can  be  seen  that  the  power  depends  heavily  on  the  stress  on  the  piezo- 
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Figure  2-14:  Illustration  of  the  effective  coupling  factor  for  the  full  bridge  rectifier  and  voltage 
detection  circuit. 


electric  element.  The  power  generated  with  this  circuitry  is  four  times  bigger  than  the  power 
generated  using  the  full  bridge  rectifier  under  the  same  conditions,  namely  same  applied  force 
and  frequency. 


Using  the  definition  in  equation  2.27  and  from  Figure  2-14,  the  effective  coupling  factor  can 
be  obtained  as: 


.2  =  Wl  _  2(sf 3  ~  533) 

'<=//  Wl  +  W2  2  sg  -  sg 


(2.32) 


Using  equations  2.3  and  2.32,  we  can  express  the  effective  coupling  factor  of  the  coupling 
coefficient  as: 


(2.33) 


It  is  very  interesting  to  note  that  the  diode  bridge  and  the  voltage  detection  circuit  proposed 
by  S malser  in  [26]  result  in  the  hypothetical  electromechanical  energy  conversion  work-cycle 
proposed  by  Berlincourt  [8].  This  cycle  is  shown  in  Figure  2-2(a).  The  expression  in  equation 
2.6  is  identical  to  equation  2.33. 


Figure  2-15:  Other  alternative  circuits  for  piezoelectric  power  generation. 

2.5  Other  Circuits 

This  section  discusses  some  other  alternative  circuits  for  piezoelectric  power  generation,  shown 
in  Figure  2-15.  The  geometry,  operation  frequency  and  the  piezoelectric  material  used  for  the 
simulations  are  the  same  as  in  the  previous  section. 

A  much  simpler  circuit  than  the  ones  presented  in  previous  sections  is  that  involving  just 
a  resistor.  Resistive  shunting  of  piezoelectric  elements  for  structural  damping  is  discussed  in 
[15].  The  resistive  shunting  exhibits  frequency  dependent  behavior  and  the  converted  electrical 
energy  is  dissipated,  not  stored.  Figure  2-16  shows  the  force  vs.  deflection  and  voltage  vs. 
charge  plots  from  the  simulation  of  the  piezoelectric  element  shunted  by  a  resistor.  It  can  be 
seen  that,  for  relatively  small  resistance  values,  the  piezoelectric  element  behaves  close  to  the 
closed  circuit  condition,  whereas  for  large  resistance  values,  it  behaves  close  to  the  open  circuit 
condition.  It  should  be  noted  that  the  simulations  presented  in  Figure  2-16  are  performed  at  a 
certain  frequency.  If  one  were  to  keep  the  resistance  constant  and  change  the  frequency,  similar 
behavior  would  be  observed.  Namely,  at  very  large  frequencies  the  behavior  would  be  close  to 
open  circuit  behavior,  whereas  at  very  low  frequencies,  the  behavior  would  be  close  to  closed 
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Figure  2-16:  Simulation  results  of  the  piezoelectric  element  shunted  by  a  resistor  for  different 
resistance  values. 


circuit  behavior.  Indeed,  the  maximum  electromechanical  energy  conversion  occurs  when  the 
impedance  of  the  load,  which  is  the  resistor,  is  matched  to  the  impedance  of  the  piezoelectric 
element.  In  other  words,  for  a  given  piezoelectric  element  and  geometry,  at  any  given  resistance 
value  there  exists  an  optimum  frequency,  or  at  any  given  frequency  there  exists  an  optimum 
resistance  value.  The  optimum  resistance  value  is  given  as: 


Ropt 


1 

2irfCT 


(2.34) 


where  /  is  the  operation  frequency  and  CF  is  the  capacitance  of  the  piezoelectric  element 
under  constant  stress,  which  can  be  expressed  as: 


where  ej3  is  the  dielectric  constant  and  Ap  and  Lp  are  the  cross-sectional  area  and  the  length 
of  the  piezoelectric  element  respectively. 

Figure  2-17  compares  the  resistive  shunting  (for  optimum  resistance  value)  with  the  circuits 
presented  in  previous  sections.  Resistive  shunting  performs  better  compared  to  the  full  bridge 
rectifier  in  terms  of  electromechanical  energy  conversion.  However,  as  mentioned  earlier,  the 


60 


Figure  2-17:  Comparison  of  resistive  shunting  (at  optimum  resistance)  with  full  bridge  rectifier 
and  full  bridge  rectifier  with  voltage  detector. 

performance  depends  heavily  on  operation  frequency  and  the  electrical  energy  is  not  stored, 
which  make  resistive  shunting  not  a  suitable  option  for  power  generation. 

An  alternative  circuit  can  be  full  bridge  rectifier  and  a  capacitor  connected  to  it,  instead  of 
a  battery  or  a  DC  voltage  source  as  presented  in  section  2.4.2.  This  is  actually  the  same  circuit 
configuration  as  presented  in  [10].  The  simulation  results  are  shown  in  Figure  2-18.  As  can 
be  seen  from  the  plots,  the  behavior  heavily  depends  on  the  value  of  the  capacitor.  Obviously, 
energy  cannot  be  transferred  to  the  capacitor  after  the  voltage  of  the  capacitor  nearly  reaches 
half  of  the  open  circuit  voltage  of  the  piezoelectric  element,  which  corresponds  to  the  maximum 
stress.  As  expected,  the  higher  the  capacitance,  the  larger  is  the  stored  energy,  since  the  final 
voltage  is  the  same  regardless  of  the  capacitance  value.  This  statement  contradicts  with  the 
conclusion  made  in  [10]  because  in  this  simulation  the  force  is  imposed  on  the  piezoelectric 
element.  In  [10],  no  force  is  imposed  on  the  piezoelectric  element.  The  dynamics  of  the  system 
(falling  ball,  vibration  of  the  plate  etc.)  is  determined  by  the  circuitry,  i.e.  the  capacitor  and 
there  exists  an  optimum  capacitance  value  for  maximum  energy  transfer. 

Another  alternative  would  be  to  add  an  inductor  to  the  full  bridge  rectifier  in  series  with 
the  battery.  The  simulation  results  corresponding  to  the  optimum  inductor  value  are  shown  in 
Figure  2-19.  It  can  be  seen  that  both  the  stored  energy  per  cycle  and  the  effective  coupling 
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Figure  2-18:  Simulation  results  of  the  full  bridge  rectifier  connected  to  a  capacitor. 


factor  increases  with  the  addition  of  the  inductor.  However,  in  order  to  get  this  behavior,  the 
value  of  the  inductor  should  be  tuned  to  the  optimum  value  at  a  given  frequency  and  for  this 
particular  example  the  required  inductance  is  about  lOOmH,  which  is  physically  very  large  and 
not  practical. 

We  can  generally  conclude  that,  the  circuits  discussed  in  the  previous  section  are  better 
suited  for  piezoelectric  power  generation  since  they  can  store  the  electrical  energy  and  the 
behavior  is  not  frequency  dependent. 


2.6  Piezoelectric  Material  Comparison 

Section  2.4  presented  an  analysis  of  two  different  circuits  and  expressions  derived  for  the  effective 
coupling  factor  and  generated  power.  This  section  presents  a  comparison  of  different  piezoelec¬ 
tric  materials  in  terms  of  energy  density  and  effective  coupling  factor  for  different  shunting 
conditions,  i.e.  with  different  circuits  connected,  using  the  expressions  derived  in  Section  2.4. 
The  important  expressions  for  energy  density  and  effective  coupling  factor  are  summarized  in 
Table  2.2.  The  effective  coupling  factors  for  the  two  circuits  presented  in  Table  2.2  are  plotted 
as  a  function  of  the  coupling  coefficient  in  Figure  2-20.  It  can  be  seen  that  the  effective  coupling 
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Figure  2-19:  Force  vs.  deflection  plot  from  the  simulation  of  the  full  bridge  rectifier  with 
additional  inductor. 


Rectifier 

Rectifier +Voltage  Detector 

Energy  Density 

Effective  coupling  factor 

ED  =  j(Sf3  —  s33,)crd 

1.2  _  2fc|3 
eff  *&  +  2 

ED  —  (4  —  sg)a2d 

7.2  _  24 

eff  4s +  1 

Table  2.2:  Comparison  of  circuitry  in  terms  of  energy  density  and  effective  coupling  factor 


factor  for  the  case  of  the  diode  bridge  is  always  smaller  than  the  coupling  coefficient  whereas 
the  effective  coupling  factor  for  the  case  of  the  diode  bridge  with  voltage  detector  is  always 
larger  than  the  coupling  coefficient.  This  can  be  also  presented  with  the  following  inequality: 


<  &33  < 


(2.36) 


which  is  valid  since  £33  <  1. 

The  energy  density  of  a  piezoelectric  material,  i.e.  the  maximum  energy  which  can  be 
extracted  from  a  piezoelectric  element  in  one  cycle  is  mostly  limited  by  the  depolarization  stress 
of  the  piezoelectric  element,  which  means  that  if  a  stress  higher  than  the  depolarization  stress 
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Figure  2-20.  Effective  coupling  factors  of  the  diode  bridge  and  the  diode  bridge  with  voltage 
detector  as  a  function  of  the  couping  coefficient. 


is  applied,  the  material  begins  to  dipole  and  the  piezoelectric,  dielectric  and  elastic  coefficients 
begin  to  degrade.  Behavior  of  different  PZT  ceramics  and  PZN-PT  single  crystal  piezoelectric 
elements  under  high  stress  are  investigated  in  [46]  and  [19]  respectively.  The  assumption  for 
the  maximum  stress  limit,  i.e.  the  assumed  values  for  the  depolarization  stress  are  based  on  the 
above  mentioned  references.  Other  studies  about  piezoelectric  elements  under  high  fields  are 
presented  in  [45]-[49].  Elastic  and  piezoelectric  properties  of  different  piezoelectric  materials 
along  with  depolarization  stress  values  are  compiled  in  Table  3.3. 

Different  piezoelectric  materials  are  compared  in  terms  of  their  energy  densities  and  effective 
coupling  factors  for  different  circuitry  in  Figure  2-10.  It  is  interesting  to  note  that,  although 
the  single  crystal  piezoelectric  material(PZN-PT)  has  very  high  effective  coupling  factor,  it  has 
a  very  low  energy  density  compared  to  PZT-8  or  PZT-4S  because  of  its  small  depolarization 
stress.  We  can  generally  say  that,  the  effective  coupling  factor  is  a  function  of  the  coupling 
coefficient  and  the  circuitry,  whereas  the  energy  density  is  a  function  of  coupling  coefficient, 
circuitry  and  the  depolarization  stress.  As  mentioned  earlier,  for  a  piezoelectric  element,  the 
energy  density  obtained  with  the  diode  bridge  and  voltage  detector  circuit  is  four  times  larger 
than  the  energy  density  obtained  with  just  the  diode  bridge. 
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(b)  Energy  Density  [kJ/m3] 
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Figure  2-21:  Piezoelectric  Material  Comparison:  (a)  Effective  coupling  factor  (b)  Energy  den¬ 
sity. 
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PZT-4S 

PZT-5H 

PZT-8 

PZN-4.5%PT 

sf3[10  12» n2/N] 

15.5 

20.7 

13.9 

81 

4[10-12m2/J\T] 

7.9 

9.01 

8.2 

17 

&33 

0.7 

0.75 

0.64 

0.89 

d^[\Q~l2m/V] 

350 

593 

250 

1780 

Depolarization  Stress[MPa ] 

120 

30 

150 

10 

Table  2.3:  Properties  of  different  piezoelectric  materials 


2.7  Conclusion 

This  chapter  presented  an  analysis  of  two  different  circuitries  for  piezoelectric  power  generation. 
Analytical  expressions  are  derived  for  the  generated  power  and  effective  coupling  factor  for  a 
given  piezoelectric  material  and  circuitry.  Different  piezoelectric  materials  are  compared  in 
terms  of  their  power  generation  characteristics.  Among  the  materials  analyzed,  PZT-8  has 
the  highest  energy  density.  Despite  its  large  coupling  coefficient,  the  single  crystal  material 
PZN-PT  has  very  low  energy  density,  which  is  a  consequence  of  its  low  depolarization  stress. 
However,  the  coupling  coefficient  becomes  an  important  criteria  if  the  piezoelectric  element  is 
considered  along  with  its  surrounding  system,  for  example  the  infrastructure  which  provides 
the  force  on  the  element,  which  is  the  energy  harvesting  chamber  in  the  microhydraulic  power 
generation  device.  It  should  be  remembered  that  in  the  analysis  presented  in  this  chapter  a 
prescribed  force  is  imposed  on  the  piezoelectric  element.  This  issue  will  be  addressed  in  the 
next  chapter. 
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Chapter  3 


Energy  Harvesting  Chamber  and 
Preliminary  Design  Considerations 

This  chapter  presents  a  simple  model  of  the  energy  harvesting  chamber,  simulations  with  the 
coupled  circuitry  and  preliminary  design  considerations.  The  interaction  of  the  energy  harvest¬ 
ing  chamber  and  the  circuitry  is  discussed.  The  two  circuits  presented  in  Chapter  2  and  different 
piezoelectric  materials  are  compared  in  terms  of  the  flowrate  and  frequency  requirements  for  a 
given  pressure  differential  and  power,  and  in  terms  of  system  efficiency. 


3.1  Configuration  and  Operation  of  the  Energy  Harvesting  Cham¬ 
ber 

The  Energy  Harvesting  Chamber  consists  of  a  fluid  chamber,  a  piston  and  a  piezoelectric 
cylinder.  The  configuration  of  the  energy  harvesting  chamber  and  its  basic  components  are 
shown  in  Figure  3-1. 

The  piston  converts  the  pressure  in  the  chamber  to  a  force  on  the  piezoelectric  cylinder. 
The  inlet  and  outlet  valves  operate  180°  out  of  phase  at  high  frequency  and  convert  the  static 
pressure  differential  ( Phpr  —  Plpr)  into  pressure  fluctuations  in  the  chamber.  This  results  in 
cyclic  compression  of  the  piezoelectric  cylinder,  which  is  coupled  to  the  circuitry.  The  generic 
operation  and  typical  duty  cycles  are  shown  in  Figure  3-2. 
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Figure  3-1:  Energy  harvesting  chamber  configuration. 


Figure  3-2:  Duty  cycles  of  generic  operation  of  the  energy  harvesting  chamber.  The  valve 
openings  have  the  same  duty  cycle  as  the  flowrates  and  are  not  shown  here 


In  the  chamber,  the  hydraulic  energy  is  converted  into  mechanical  energy,  which  is  converted 
into  electrical  energy  in  the  piezoelectric  element  and  then  the  electrical  energy  is  stored  in  the 
coupled  circuitry.  There  is  a  strong  coupling  between  the  hydraulic/mechanical  system  and  the 
circuitry,  in  other  words,  the  electrical  circuit  affects  the  behavior  of  the  system  dramatically, 
an  issue  which  should  be  analyzed  in  detail. 


3.2  Modeling 

In  order  to  understand  the  interaction  between  the  hydraulic,  mechanical  and  electrical  system, 
a  simple  model  of  the  energy  harvesting  chamber  will  be  used  to  simulate  a  representative 
system.  The  basic  assumptions  are: 

-  The  effect  of  piston  tethers  on  the  motion  of  the  piston  is  neglected  perfect  sealing  between 
the  piston  and  the  chamber  walls  is  assumed 

-  An  effective  compliance,  Ceff ,  is  assigned  for  the  chamber,  which  includes  the  combined 
effect  of  the  bending  of  the  piston,  chamber  ceiling  (top  plate),  bottom  plate  and  piston  tethers 
as  well  as  fluid  compression  inside  the  chamber.  Ceff  will  be  defined  in  section  3.2.2. 

-  Piston  dynamics  is  neglected. 

The  detailed  structural  modeling  and  analysis  of  the  compliance  contributions  of  the  struc¬ 
tural  members  in  the  chamber  will  be  presented  in  Chapter  4. 


3.2.1  Piezoelectric  Cylinder 


The  piezoelectric  material  is  modeled  using  the  same  constitutive  relationship  given  in  Chapter 
2,  namely: 


_  _ 

„D 

^33 

r  -i 
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^33 
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T 
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.  e33 

e33  . 

where  D  is  the  charge  field,  S  is  the  displacement  field  (strain),  E  is  the  electric  field,  and  T 
is  the  stress.  For  a  cross-sectional  area  of  Ap  and  length  of  Lp,  the  expressions  for  the  deflection 
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of  the  piezoelectric  element  and  the  voltage  across  it  become: 


xp  =  j-(s&FP  +  ^rQP)  (3.2) 

/*l>  e33 

Vr  =  ^7rFr-7rQv)  (3.3) 

where  xp  is  the  deflection,  Qp  is  the  charge,  Fp  is  the  force  applied  on  the  piezoelectric 
cylinder,  and  Vp  is  the  voltage  across  the  piezoelectric  cylinder.  And  the  current  through  the 
piezoelectric  element  is  given  by: 


(3.4) 


3.2.2  Chamber  Continuity 

The  chamber  converts  the  hydraulic  energy  into  mechanical  energy  via  the  piston,  which  applies 
a  force  on  the  piezoelectric  cylinder.  In  order  to  derive  the  expression  for  the  chamber  pressure, 
continuity  equation  inside  the  chamber  should  be  considered.  Consider  an  initial  fluid  volume 
inside  the  chamber.  The  time  rate  of  the  pressure  change  in  the  chamber  is  given  by: 


dPch  __  Pf  dV 
dt  V0  dt 


(3.5) 


where  /?y  is  the  bulk  modulus  of  the  fluid,  V0  is  the  initial  volume  of  the  fluid  inside  the 
dV 

chamber  and  —  is  the  volume  change  of  the  fluid.  Sources  of  the  volume  change  are: 

-  Net  flowrate  into  the  chamber 

-  Piston  Movement 

-  Additional  volume  created  inside  the  chamber  by  the  deformation  of  the  structural  mem¬ 
bers  due  to  chamber  pressure 

Then,  the  time  rate  of  the  total  volume  change  in  the  chamber  can  be  expressed  as: 


dV 

dt 


-Qin  Qout  dtAPis~-^ 


(3.6) 


where  xp  is  the  displacement  of  the  piston,  which  is  equal  to  the  deflection  of  the  piezoelectric 
cylinder,  ApiS  is  the  cross-sectional  area  of  the  piston,  and  V„  is  the  total  volume  displaced  by 
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the  deformation  of  the  structural  members  inside  the  chamber.  The  source  of  this  additional 
volume  might  be  the  deformation  of  the  top  and  bottom  plate  of  the  chamber,  deformation  of 
the  piston  tethers  and  deformation  of  the  piston  itself.  The  individual  sources  of  the  structural 
compliance  of  the  chamber  will  be  analyzed  in  detail  in  Chapter  4. 

Combining  equations  3.5  and  3.6,  we  get: 

%r-%{Q (3'7> 


We  can  define  the  overall  structural  compliance  as: 

r  dVs 
3  dPch 


(3.8) 


From  equations  3.7  and  3.8,  we  get  the  expression  for  the  chamber  pressure  as: 

~d?  =  (ff + Ca)  (Qin  ~  Qout  ~  ~dtApis)  (3-9) 

For  simplicity,  we  can  define  an  effective  compliance  for  the  chamber,  which  represents  all 
the  compliance  sources  as: 

C,„=(^+C.)  (3.10) 

where  the  first  and  the  second  terms  correspond  to  the  fluidic  compliance  and  structural 
compliance  respectively,  which  act  like  parallel  capacitors  in  electrical  circuit  analogy. 

We  can  rewrite  3.9  as  follows: 

=  ob  {Qin  ~  Qout  ~  ~dtApia)  (3‘n) 

It  is  important  to  note  that,  in  the  above  analysis  the  initial  fluid  volume  inside  the  chamber, 
V0 ,  is  assumed  to  be  much  larger  than  the  volume  displaced  by  the  piston  and  the  volume 
displaced  due  to  the  deformation  of  the  structural  members  inside  the  chamber.  If  the  deflection 
of  the  piston  becomes  comparable  to  the  chamber  height,  the  volume  displaced  by  the  piston 
becomes  comparable  with  the  initial  volume  of  the  chamber,  and  that  effect  should  be  taken 
into  consideration,  which  will  result  in  nonlinear  behavior,  i.e  nonlinear  compliance. 
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The  generic  duty  cycle  of  the  operation  is  shown  in  Figure  3-2.  The  average  flowrate  can 
be  calculated  using  the  following  relationship: 


Qave  — 


(3.12) 


It  is  also  important  to  note  that: 


(3.13) 


T 

Integrating  equation  3.11  from  t  =  0  to  t  =  — ,  using  equation  3.12  and  arranging  terms, 
we  get  the  expression  for  the  average  flowrate  as: 


Qave  ~~  ^pis(£max  —  ^min )/  +  Ceff(Pmax  ~  Pmin)f  (3.14) 

where  Apis  is  the  cross-sectional  area  of  the  piston  and  /  is  the  operation  frequency.  The 

"  T 

same  expression  can  be  obtained  by  integrating  equation  3.11  from  t  =  —  to  t  =  T.  The  first 

2 

term  in  equation  3.14  corresponds  to  the  flowrate  required  to  move  the  piston  and  squeeze 
the  piezoelectric  element.  The  second  term  corresponds  to  the  flowrate  required  due  to  the 
compliances  in  the  chamber. 


3.2.3  Fluid  Model 

The  schematic  of  the  device  with  pressures  at  different  locations  within  the  system  is  shown  in 
Figure  3-3  where  Pint-in  is  the  intermediate  pressure  at  the  exit  of  the  inlet  channel,  and  Pint-out 
is  the  intermediate  pressure  at  the  entrance  to  the  outlet  valve.  Inlet  and  outlet  channels  have 
the  same  geometry.  Details  of  the  Simulink  architecture  is  given  in  the  Appendix  A. 

Valve  Orifice  Flow  Relations 

Work  by  previous  researches  has  shown  that  for  small  openings,  poppet  valves,  such  as  the 
valve  cap  in  the  active  valves  within  the  MHT  systems,  behave  as  long  orifices  in  which  the 
effects  of  flow  separation  and  subsequent  re-attachement  dominate  the  valve  flow  dynamics  [5]. 
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Figure  3-3:  Device  schematics  showing  pressures  at  different  locations. 


Qualitatively,  the  valve  flow  can  be  approximated  by  a  simplified  order-of-magnitude  valve 
model.  The  valve  orifice  may  be  characterized  as  a  flow  contraction  followed  by  a  flow  expansion 
as  shown  in  Figure  3-4(a)  and  (b).  An  integral  analysis  gives  a  relationship  for  the  combined 
effect  of  the  flow  expansion  and  contraction.  The  loss  coefficient  Corifice  *s  defined  as  the  total 
pressure  drop  A P  =  Phpr  —  Pint  (for  the  inlet  valve)  over  the  dynamic  pressure  based  on  the 
orifice  local  mean  velocity  (u  = 


Corifice 


A  P 

\pu2 


(3.15) 


where  the  upstream,  throat  and  downstream  flow  areas  can  be  approximated  as: 


jA.2  —  27tRvcHc 


(3.16) 


—  <2'JrRyc3'  vc 


(3-17) 


M  =  (3.18) 

respectively,  where  Hc  is  the  height  of  the  radial  flow  channel  above  the  valve  membrane, 
xvc  is  the  valve  cap  distance  from  the  valve  stop  structure  and  RyC  is  the  radius  of  the  valve 
cap. 

This  approximation,  however,  is  independent  of  the  Reynolds  number  and  therefore  holds 
only  for  Re>  10, 000,  where  the  flow  is  in  fully  turbulent  regime.  In  the  MHT  power  generator, 
Reynolds  numbers  are  expected  to  fluctuate  between  approximately  10  and  20, 000  as  the  valves 
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Figure  3-4:  Valve  orifice  representation:  (a)  Valve  cap  geometry  and  fluid  flow  areas,  (b)  Rep¬ 
resentation  of  flow  through  the  valve  as  a  flow  contraction  followed  by  a  flow  expansion. 

open  and  close.  For  this  reason,  correction  factors  obtained  from  experimental  results  need  to 
be  employed  to  obtain  better  estimates  of  the  loss  coefficients  for  these  low  turbulence  and 
laminar  flow  regimes[4].  A  loss  coefficient  for  each  of  the  contraction  and  expansion  geometries, 
C contraction  &nd  Cexp  ansiom  respectively,  is  used  to  approximate  the  total  loss  coefficient  through 
the  valve,  as  detailed  in  the  following  relation: 


£ orifice  C contractioni^^i  ^expansion ^  ) 


(3.19) 


where  Reynolds  number  is  defined  as: 


Re  =  --  ^ 


7T  RvcV 


(3.20) 


Figure  3-5(a)  plots  (contraction  as  a  function  of  Reynolds  number  and  contraction  area  ratio 
and  Figure  3-5(b)  plots  (expansion  as  a  function  of  Reynolds  number  and  the  expansion 
area  ratio  As  a  result,  the  pressure-flow  relation  for  the  full  valve  orifice  geometry  can  be 
written  as: 


Ap  =  \pCorifice  (^2)  (3.21) 

All  subsequent  fluid  models  discussed  in  this  thesis  incorporate  these  higher-order  correction 
factors  to  obtain  an  accurate  estimation  of  the  flow  behavior.  These  flow  models  are  based  on 
steady  flow  phenomenon  and  do  not  capture  frequency  dependent  losses.  For  a  specific  value 
of  valve  cap  opening  at  a  given  time  during  the  cycle,  a  relationship  therefore  exists  for  the 
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Flow  Loss  Coefficient  Flow  Loss  Coefficient 


Expansion  Flow  Loss  Coefficients  (Re,  Expansion  Area  Ratio) 


Figure  3-5:  Look-Up  tables  used  for  flow  loss  contraction  and  expansion  coefficients.  The  loss 
coefficients  are  obtained  from  [51]. 


instantaneous  fluid  flow  through  the  valve  as  a  function  of  the  pressure  drop  across  the  valve. 

Equation  3.21  can  be  rewritten  for  inlet  and  outlet  valves  using  the  notation  in  Figure  3-3 
as: 


PHPR  Pint-in(t)  —  Rin{Qin, 


(3.22) 


Pint— out (0  -  PLPR  =  Rout {Q out,  VOou«)QLt  (3.23) 

where  Rin  and  Rout  represent  the  flow  resistances  of  the  inlet  and  outlet  valves,  respectively, 
which  are  functions  of  the  flowrate  and  the  corresponding  valve  opening  at  a  given  instant  of 
time. 


Flow  in  the  Channels 


Due  to  the  high  Reynolds  numbers,  the  flow  in  the  channels  is  expected  to  be  inertia  dominated. 
Furthermore,  the  compliance  in  the  fluid  channels  is  usually  negligible  due  to  the  fact  that  the 
channels  are  surrounded  by  rigid  walls  and  their  volume  is  much  smaller  than  that  of  the 
chamber.  Under  this  assumptions  the  flow  inside  the  channels  is  modeled  as  one  dimensional 
inviscid  and  incompressible  flow.  The  pressure-flowrate  relationship  in  this  case  is  given  as: 


A  P 


=  jdQ  (pLc\ 
dt  V>W 


dQ 

dt 


(3.24) 


where  I  is  defined  as  the  fluid  inductance  inside  the  channel,  p  is  the  fluid  density  and  Lc 
and  Ac  are  the  length  and  cross-sectional  area  of  the  fluid  channel  respectively.  For  the  case  of 
inlet  valve  and  outlet  valve  fluid  channels,  the  pressure-flow  relations  can  be  written  as: 


(3.25) 


Pch(t)  -  Pint-out(t)  =  (^j 


dQout 

dt 


(3.26) 


For  a  long  channel  with  small  cross-sectional  area,  one  can  expect  fluid  inertial  effects  to 
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play  a  significant  role  as  the  pressure  difference  builds  up  to  accelerate  the  fluid  slug  into  the 
chamber.  Conversely,  for  short  channels  with  large  cross-sectional  areas,  the  inertial  effects 
are  negligible  and  the  pressure  Pint-in  &nd  Pch  or  Pch  and  Pint-out  will  not  differ  much.  It 
is  important  to  consider  inertial  effects  when  designing  hydraulic  systems  containing  small 
channels. 

Governing  Equations 

Combining  equations  3.22,  3.23,  3.25,  and  3.26  we  can  obtain  the  governing  equations  for  the 
fluid  flow  in  the  system,  which  are  integrated  into  the  system  level  simulation,  as: 

PhPR  —  Pch(t)  =  PiniQin ,  VOm)Qfn  +  (3.27) 

Pch(t)  —  PlPR  =  PoutiQouty  voout)Q^mt  +  (3.28) 

Although  not  explicitly  seen,  the  intermediate  pressures  can  be  easily  calculated  and  mon¬ 
itored  in  the  system  level  simulation,  which  are  important  in  terms  of  stresses  in  the  valve 
membranes  and  power  consumption  in  the  active  valves  since  they  are  assumed  to  act  on  the 
valve  cap,  where  the  reservoir  pressures  are  assumed  to  act  on  the  membranes [6]. 

3.2.4  Circuitry 

The  same  circuit  models  presented  in  Chapter  2  will  be  used. 

3.3  Working  Fluid 

Fluid  properties  which  are  important  in  terms  of  system  performance  are  listed  in  Table  3.3  for 
alternative  working  fluids.  The  density  of  a  working  fluid  effects  the  dynamic  behavior  of  the 
system  because  of  the  fluid  inductance  in  the  fluid  channels.  A  low  density  fluid  is  desirable 
since  it  would  increase  the  bandwidth  of  the  system.  The  viscosity  of  a  working  fluid  effects 
the  energy  dissipated  in  the  valves.  A  more  viscous  fluid  would  provide  the  same  amount  of 
flowrate  with  larger  valves  or  valve  openings,  causing  an  increase  in  power  consumption  in  the 
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Length  erf  the  piezoelectric  cylinder  1mm 


Diameter  of  the  piezoelectric  cylinder 

2  mm 

Diameter  of  the  piston 

4.5mm 

Effective  chamber  compliance  ( Ceff ) 

raisiBsazi 

Phpr 

2  MPa 

Plpr 

0  MPa 

Operation  Frequency 

10kHz 

Fluid  channel  length 

1mm 

Fluid  channel  cross-section 

50pm  x  100  pm 

Piezoelectric  Material 

PZN-4.5%PT 

Table  3.2:  The  geometry  and  operation  conditions  used  in  the  simulation 


valves.  The  bulk  modulus  effects  the  system  compliance.  Silicone  oil  is  chosen  as  the  working 
fluid  because  of  its  low  density,  low  viscosity  and  a  bulk  modulus  comparable  to  that  of  water. 


3.4  Simulation  and  Analysis 

The  equations  presented  in  the  previous  section  will  be  simulated  using  Simulink.  The  coupled 
equations  used  to  simulate  the  system  are  3.2,  3.3,  3.4,  3.11,  3.27,  3.28  and  equations  for  the 
circuitry,  which  were  given  in  Chapter  2. 

The  simulation  architecture  is  shown  in  Figure  3-6.  For  the  analysis  in  this  chapter,  a 
representative  system  will  be  analyzed,  for  which  the  geometry  and  operation  conditions  are 
presented  in  Table  3.2. 

In  the  following  analysis,  the  valve  openings  are  imposed  and  reservoir  pressures  are  as¬ 
sumed  to  be  constant.  The  valve  size  and  opening  are  adjusted  such  that  the  pressure  in  the 
energy  harvesting  chamber  attains  the  high  pressure  reservoir  pressure  ( Phpr )  and  low  pressure 
reservoir  pressure  ( Plpr )  as  its  maximum  and  minimum  pressures  respectively.  In  other  words, 
the  pressure  inside  the  chamber  fluctuates  between  Phpr  and  Plpr ■  The  valves  operate  180® 
out  of  phase. 
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Power 


Output 


Figure  3-6:  Simulation  architecture  used  in  Simulink. 

3.4.1  Energy  Harvesting  Chamber  and  Full  Bridge  Rectifier 

This  section  presents  the  simulation  and  analysis  of  the  energy  harvesting  chamber  attached  to 
the  full  bridge  rectifier  using  the  model  presented  in  the  previous  section.  The  time  histories 
of  the  chamber  pressure,  flowrate  and  piston  deflection,  which  is  equal  to  the  deflection  of  the 
piezoelectric  element,  are  shown  in  Figure  3-7. 

In  order  to  understand  the  interaction  between  the  hydraulic/mechanical  system  and  the 
circuitry,  and  its  implications  on  flowrate  and  frequency  for  a  given  power  requirement,  it  is 
worthwhile  to  investigate  the  plot  of  force  on  the  piezoelectric  element  vs  displacement  of  the 
piezoelectric  element.  This  is  shown  in  Figure  3-8.  It  is  interesting  to  note  that  the  curve  in 
Figure  3-8  has  the  exact  same  shape  of  the  force  vs.  displacement  curve  presented  in  Chapter 
2  for  the  case  of  the  imposed  force  on  a  piezoelectric  cylinder  attached  to  a  diode  bridge. 
From  this  we  can  conclude  that  the  force  vs.  displacement  curve  of  a  piezoelectric  element 
attached  to  the  full  bridge  rectifier  does  not  depend  on  the  time  history  of  the  applied  force. 
So,  the  equations  derived  in  Chapter  2  for  the  full  bridge  rectifier  will  be  used  here  to  derive 
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Figure  3-7:  Simulation  of  the  energy  harvesting  chamber  attached  to  the  full  bridge  rectifier 
circuit. 
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the  governing  equations  for  required  frequency,  flowrate  and  system  efficiency. 

For  a  given  operation  frequency  and  power  requirement,  the  required  cross-sectional  area  of 
the  piezoelectric  element  can  be  obtained  from  equation  2.25  as: 


,  4  W 

P  ~  (4  “  4)<j2-Lp/ 


(3.29) 


where  W  is  the  generated  power,  Lp  is  the  length  of  the  piezoelectric  cylinder  and  /  is  the 
operation  frequency.  Since  the  maximum  pressure  in  the  chamber  is  Phpr ,  the  cross-sectional 
area  of  the  piston  should  be  equal  to: 


A  adAp 

Phpr 


(3.30) 


where  ad  is  the  depolarization  stress  of  the  piezoelectric  element.  From  the  results  derived 
in  Chapter  2,  the  total  deflection  of  the  piston/piezoelectric  cylinder  is  given  by: 


A; xp  —  -adLp(sg  +  533) 


(3.31) 


Using  equations  5.31,  3.29,  3.30,  and  3.31,  the  required  flowrate  for  a  given  power  require¬ 
ment  and  maximum  chamber  pressure  can  be  derived  as  follows: 


2  (4  +  4)^  . 

Q-  (s$3-s&)Phpr+  eff  HPRf 


(3.32) 


The  first  term  in  equation  3.32  corresponds  to  the  flowrate  which  is  required  just  to  move 
the  piston.  The  second  term  corresponds  to  the  additional  flowrate  required  due  to  the  chamber 
compliance.  If  we  consider  the  ideal  case,  where  the  chamber  is  not  compliant,  i.e  Ceff  —  0, 
the  minimum  required  flowrate  is  given  by 


2  (4  +  4)^ 

ymin ~  (4  -  sg)pHPR 


(3.33) 


In  order  to  evaluate  the  performance  of  the  energy  harvesting  chamber,  we  can  define  the 
efficiency  of  the  chamber  as  follows: 
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Deflection  of  Piezoelectric  Cylinder[yum] 


Figure  3-8:  Force  vs.  displacement  curve  of  the  piezoelectric  element  from  the  simulation  of 
the  harvesting  chamber  attached  to  the  full  bridge  rectifier. 


Electrical  Power  Out  W 
Hydraulic  Power  In  QPhpr 


(3.34) 


In  the  extreme  case,  where  the  effective  chamber  compliance  is  zero,  the  efficiency  has  its 
maximum  value,  which  can  be  obtained  from  equations  3.32  and  3.34  as: 


It  is  interesting  to  note  that  the  maximum  efficiency  of  the  chamber  depends  only  on  the 
coupling  coefficient  of  the  piezoelectric  material.  This  suggests  that,  regardless  of  the  geometry 
and  operation  conditions,  the  above  expression  puts  an  upper  bound  on  the  system  efficiency, 
which  is  only  a  function  of  the  piezoelectric  element  chosen.  It  is  important  to  note  that  the 
above  definition  of  the  efficiency  corresponds  only  to  the  energy  harvesting  chamber.  If  the 
overall  system  is  considered,  the  electrical  power  consumption  in  the  active  valves  should  be 
taken  into  consideration. 
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3.4.2  Energy  Harvesting  Chamber  and  Full  Bridge  Rectifier  with  Voltage 
Detector  Circuit 

This  section  presents  the  simulation  and  analysis  of  the  Energy  Harvesting  Chamber  attached  to 
the  full  bridge  rectifier  and  voltage  detector  circuit.  The  geometry  and  the  operation  conditions 
are  the  same  as  in  the  previous  section.  The  time  histories  of  the  chamber  pressure,  flowrate 
and  piston  deflection  are  shown  in  Figure  3-9. 

It  is  interesting  to  note  that  there  are  sudden  pressure  drops  inside  the  chamber  and  the 
time  histories  of  the  chamber  pressure  and  the  piston  deflection  are  quite  different  from  the 
time  histories  presented  in  the  previous  section.  The  most  important  observation  is  that  during 
the  periods  when  the  switch  is  on,  the  pressure  decreases/increases  suddenly  because  the  fluid 
cannot  fill/evacuate  the  chamber  immediately  due  to  the  fluid  inertia  of  the  fluid  in  the  channels. 
In  order  to  understand  the  interaction  between  the  hydraulic/mechanical  system  and  the  circuit, 
and  its  implications  on  flowrate  and  frequency  requirements  for  a  given  power,  we  can  investigate 
the  force  vs. displacement  plot  of  the  piezoelectric  element  which  is  shown  in  Figure  3-10. 

In  Figure  3-10,  the  force  vs.  displacement  curve  of  the  piezoelectric  element  for  this  case 
is  compared  to  the  chamber  attached  to  full  bridge  rectifier  and  to  the  case  where  the  force  is 
imposed  on  the  piezoelectric  element  attached  to  the  regular  diode  bridge  and  voltage  detector. 
It  is  interesting  to  note  that  the  new  curve  is  much  different  than  the  imposed  force  case. 
In  the  latter  case,  which  was  discussed  in  Chapter  2,  during  the  interval  when  the  switch  is 
on,  the  force  is  almost  constant,  and  the  portion  of  the  curve  corresponding  to  that  period  is 
almost  flat.  However,  for  the  chamber,  during  the  interval  when  the  switch  is  on,  the  piezo 
becomes  very  soft,  and  the  piston  moves  up  or  down  very  rapidly,  which  causes  sudden  pressure 
drops/rises  inside  the  chamber,  as  can  be  seen  in  Figure  3-9.  In  order  to  analyze  the  behavior 
of  the  system,  we  can  divide  the  time  history  into  four  periods,  as  shown  in  Figure  3-11. 

In  the  periods  1-2  and  3-4  the  piezoelectric  element  is  open  circuited,  and  the  deflections 
at  the  states  1  and  3  correspond  to  the  deflection  as  if  the  material  was  short  circuited  and 
the  same  force  as  in  1  and  3  was  applied.  In  other  words,  Fi,F3,  a?i,  and  £3  should  satisfy  the 
following  equations. 
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Figure  3-9:  Simulation  of  the  energy  harvesting  chamber  attached  to  the  full  bridge  rectifier 
and  voltage  detector  circuit.  The  time  intervals  between  the  dashed  lines  present  the  intervals 
where  the  switch(SCR)  is  in  its  ”on”  state. 
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Deflection  of  Piezoelectric  Cylinder[^ni] 

Figure  3-10:  Force  vs.  displacement  curve  of  the  piezoelectric  element  from  the  simulation  of 
the  energy  harvesting  chamber  attached  to  the  full  bridge  rectifier  and  voltage  detector  circuit. 


(a)  Force  on  Piezoelectric  Element(F) 


5  5.5  6 

Time  [lO^s] 


Figure  3-11:  Time  histories  of  the  force  and  deflection  of  the  piezolelectric  element. 
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©  © 


(3.36) 


qE  T 

Xl  =  Fh^p 
Ap 

x3  =  F3^£  (3.37) 

Since  in  the  periods  1-2  and  3-4  the  piezoelectric  element  is  open  circuited,  the  slope  of  the 
force  vs  deflection  curve  in  these  periods  is  simply  the  open  circuit  stiffness  of  the  piezoelectric 
element  and  the  following  equations  should  be  satisfied. 

Ary 

F2~Fi  =  -  Xi)  (3.38) 

sZSLfp 

A 

i*3  —  F4  d  r  (^3  ^4)  (3.39) 

szzL,p 

In  order  to  understand  the  behavior  in  the  periods  2-3  and  4-1,  let  us  consider  the  period 
2-3.  At  state  2,  the  pressure  is  maximum  and  at  state  3,  the  voltage  on  the  piezoelectric  element 
is  zero.  In  the  period  2-3,  there  is  almost  no  flowrate,  which  suggests  that  the  pressure  change 
in  the  chamber  in  this  period,  which  is  the  sudden  pressure  drop,  is  only  because  of  the  volume 
change  due  to  piston  movement.  In  other  words,  the  pressures  at  states  2  and  3  should  satisfy 
the  following  equation. 


P2~P3  =  (X 3- *2)^ 

where 


From  equations  3.40  and  3.41,  we  can  write: 

P2-F3  =  (X3-X2)^^ 
Ceff 

Similarly  for  the  period  4-1,  we  can  write: 


Fi-Fi  =  (x4  -  xi) 


(^pia)2 

Ceff 


(3.40) 


(3.41) 


(3.42) 


(3.43) 
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Figure  3-12:  Force  vs.  displacement  curve  of  the  piezoelectric  element  and  slopes  at  different 
periods  of  operations. 


We  also  know  that: 

F2  —  (TdAp  and  F4  =  0  (3.44) 

where  ad  is  the  depolarization  stress  of  the  piezoelectric  element. 

By  solving  equations  3.36,  3.37,  3.38,  3.39,  3.42,  3.43,  and  3.44  we  can  determine  the  coor¬ 
dinates  of  the  force  vs.  deflection  curve  of  the  piezoelectric  element  and  we  can  also  calculate 
the  electrical  energy  stored  per  cycle,  which  is  the  area  enclosed  by  the  force  vs.  deflection 
curve,  the  effective  coupling  factor  and  system  efficiency  in  terms  of  chamber  geometry,  piezo¬ 
electric  cylinder  geometry,  chamber  compliance  and  maximum  pressure  inside  the  chamber. 
The  force  vs.  displacement  curve  of  the  piezoelectric  element  and  the  slopes  of  the  curve  at 
different  periods  are  shown  in  Figure  3-12.  It  is  interesting  to  note  that  in  this  case,  the  force 
vs.  deflection  curve  depends  on  the  chamber  compliance,  whereas  in  the  case  of  the  energy 
harvesting  chamber  attached  to  the  full  bridge  rectifier,  the  slopes  were  determined  only  by  the 
piezoelectric  material  geometry  and  properties. 


87 


The  coordinates  of  the  force  vs  displacement  curve  are  as  follows: 


(x\  F})  =  (  S33) _ ad^nSLpAp{s^  -  s\ [3)  \ 

\CeffAp  -f  A^3Lp(2s^  -  sjfc) y  CeffAp  +  A^isLp{ 2s^  -  s£z)  J 

(~  x?\  ( <Td^'p(s^)2A^i3  +  (7dCeffLpApS®3  ^ 

M)  =  1  ^4,  +  4,M24-»3D3>  ' °lAr ) 

(x  F  )  =  ( adLp(s^Api3  +  <7dCeffLpAps§3  adApLpA^sfz  +  (JdCeffA2  \ 
V  CeffAP  +  AlisLp(2s 33  “  s&)  ’  CeffAp  +  A^Lp^S g  -  sg)  J 

(x4  FA  =  ( (gdSM-^pta-^p  +  a<jCeffLpAp){sg  -  S33)  \ 

\  CeffAp  +  A'^Lpfisg  —  sg)  J 


(3.45) 

(3.46) 

(3.47) 

(3.48) 


Using  the  coordinates  of  the  points  given  in  the  above  equations,  electrical  energy  stored 
per  cycle  can  be  calculated  as: 


E  _  adLPAp(s33  ~  333)(ApCeff  +  sgA^isLp){ApCeff  +  sgA^Lp) 
iAlis^p(2s33  ~  3 33)  +  CeffAp]2 

From  equation  5.31  we  can  write  the  expression  for  the  flowrate  as: 


(3.49) 


Qave  —  Api3  (X3  —  Xj )/  +  CeffP}JPRf  (3.50) 

For  a  given  power  requirement  W,  we  can  determine  the  required  frequency  using: 


/  = 


W 

E 


(3.51) 


The  required  flowrate  for  a  given  power  requirement  can  be  derived  from  equations  3.45, 
3.47,  3.49,  3.50,  and  3.51  as: 


Q 


ave 


W\sgCef  fP}jpR  +  adLpApsg(2sg  —  S33)] 

PHPR{CeffPj1PR  +  cr2dLpApsg){sg  -  sg) 

_ wpHPRCeff[CeffPlPR  +  a2dLpAp{2sg  -  sg)p _ 

adAPLp(s33  -  s33)(CeffPupR  +  °dLpApsg)(CeffPjfpR  +  a2dLpApsg) 


In  the  extreme  case  where  the  effective  chamber  compliance  is  zero,  namely  Ceff  =0,  the 
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expression  for  the  required  flowrate  simply  reduces  to 

n  _  (24  -  sg)W 

ynun  (sg-sg)PHPR 

From  the  above  expression  we  can  get  the  maximum  system  efficiency  using  the  definition 
given  in  equation  3.34  as 

_  (533  ~  Sss)  _  ^33 

^max  (24-4)  1+4 

where,  as  in  the  previous  section,  the  maximum  efficiency  depends  only  on  the  coupling 
coefficient  of  the  piezoelectric  material. 

Figure  3-13  shows  the  force  vs.  deflection  curve  of  the  piezoelectric  element  for  different 
values  of  chamber  compliance.  It  is  interesting  to  note  that,  as  the  chamber  compliance  in¬ 
creases,  the  curve  approaches  the  curve  for  the  case  where  the  force  is  imposed.  One  might 
think  that  having  large  compliance  would  have  a  positive  effect  on  system  performance,  since 
the  area  inside  the  curve,  which  is  the  electrical  energy  stored  per  cycle,  increases  with  increas¬ 
ing  compliance.  For  a  given  power  requirement  lower  frequencies  and  lower  flowrates  would  be 
required.  However,  as  the  compliance  increases,  the  required  flowrate  increases  dramatically 
due  to  the  second  term  in  equation  3.50.  This  effect  overwhelms  the  effect  of  decreased  flowrate 
due  to  lower  frequency  requirement  and  the  maximum  system  efficiency  occurs  again  for  the 
case  where  the  chamber  compliance  is  zero.  The  two  extreme  cases,  namely  Ce//  =  0  and 
Ceff  —  00  are  shown  in  Figure  3-13  (b). 

The  effective  coupling  factor  from  mechanical  to  electrical  energy  was  defined  in  Chapter  2 
and  the  expressions  were  derived  for  different  circuits  for  the  imposed  force  case.  For  the  case 
of  the  energy  harvesting  chamber  attached  to  the  full  bridge  rectifier,  the  effective  coupling 
factor  is  the  same  as  the  one  for  the  imposed  force  case  since  for  the  full  bridge  rectifier,  the 
force  vs.  displacement  curve  doesn’t  depend  on  the  time  history  of  the  force  on  the  piezoelectric 
element.  However,  it  was  found  that,  the  force  vs.  displacement  curve  for  full  bridge  rectifier 
and  voltage  detector  depends  on  the  time  history  of  the  force  on  the  piezoelectric  element,  and 
in  this  case  the  curve  depends  on  the  chamber  compliance.  The  effective  coupling  factor  was 
defined  in  Chapter  2.  From  Figure  3-13  we  can  write: 
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Deflection  of  Piezoelectric  Cylinder[/zm] 


Figure  3-13:  The  effect  of  effective  chamber  compliance  on  force  vs.  deflection  curve  and 
effective  coupling  factor. 
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k2  -  w' 

eff  W1  +  W2 


(3.55) 


The  effective  coupling  factor  can  be  calculated  using  the  coordinates  of  the  force  vs.  de¬ 
flection  curve.  For  the  case  where  the  effective  chamber  compliance  is  infinity,  the  effective 
coupling  factor  is: 


=  (3.56) 

z*33  ~  *33 

for  which  case  the  electrical  energy  stored  per  cycle  is: 

E{Ccff=oo)  =  (4  - &WdApLp  (3.57) 

which  is  the  same  amount  of  energy  stored  for  the  case  of  imposed  force  on  piezoelectric 
element  with  the  same  circuitry. 

For  the  case  where  the  effective  chamber  compliance  is  zero,  the  effective  coupling  factor 
becomes: 


Ceff  ~  0 


f  2  „  2(sf3  -  s£3) 

34-2*6 


for  which  case  the  electrical  energy  stored  per  cycle  is: 


E(ceff= 0)  = 


°d^PEp(s3S  ~  S33>)S33SS3 
(2s^  —  s®s)2 


(3.58) 


(3.59) 


3.5  Discussion 

This  section  presents  a  comparison  of  circuitry  and  piezoelectric  materials  in  terms  of  their  effect 
on  important  performance  metrics  such  as  flowrate,  frequency  and  efficiency  using  the  results 
obtained  in  previous  sections  of  this  chapter.  Let  us  consider  the  system  analyzed  in  Section 
3.4,  for  which  the  geometric  parameters  were  given  in  Table  3.2.  Now,  however,  the  effective 
chamber  compliance  will  be  varied  and  its  effect  on  system  performance  will  be  investigated. 
This  could  be  accomplished,  for  example,  by  changing  the  thicknesses  of  the  structural  members 
or  by  changing  the  chamber  height.  For  a  power  requirement  of  0.5VF,  the  required  frequency 
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Figure  3-14:  Flowrate  and  frequency  requirement  for  0.5  W  power  requirement. 

and  flowrate  is  plotted  as  a  function  of  effective  chamber  compliance  in  Figure  3-14.  It  can  be 
noted  from  Figure  3-14  that  the  frequency  requirement  for  the  full  bridge  rectifier  case  does 
not  depend  on  effective  chamber  compliance  since  the  force  vs.  displacement  graph  is  the  same 
for  any  chamber  compliance  and  the  energy  stored  per  cycle  depends  only  on  the  maximum 
stress  on  the  piezoelectric  element  and  piezoelectric  material  properties.  However,  since  the 
force  vs.  displacement  curve  for  the  rectifier  with  voltage  detector  case  depends  heavily  on  the 
effective  chamber  compliance,  the  electrical  energy  stored  per  cycle  depends  on  the  compliance. 
So,  for  a  given  power  requirement,  the  required  frequency  depends  on  the  effective  compliance 
as  well.  In  terms  of  flowrate  requirement,  it  can  be  easily  seen  that,  as  the  system  gets  more 
compliant,  the  required  flowrate  increases  dramatically.  It  should  be  pointed  out  that,  for  a 
microfluidic  device,  even  flowrates  on  the  order  of  1  ml/s  can  be  considered  very  high,  and 
special  high  performance  microvalves  are  needed.  It  is  obvious  that,  prediction  of  the  effective 
chamber  compliance  will  constitute  a  crucial  part  of  the  modelling  and  design  process.  This 
will  be  addressed  in  Chapter  4. 

The  system  efficiency,  which  was  defined  in  equation  3.34  is  plotted  as  a  function  of  the 
effective  chamber  compliance  in  Figure  3-15.  It  can  be  noted  that,  as  the  effective  chamber 
compliance  gets  smaller  and  smaller,  in  other  words,  as  the  chamber  gets  less  and  less  compliant, 
the  efficiency  values  approach  their  maximum  values  which  were  given  in  equations  3.35  and 
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Figure  3-15:  System  efficiency  as  a  function  of  the  effective  chamber  compliance. 

3.54  for  the  rectifier  and  rectifier  and  voltage  detector  circuit  cases  respectively.  As  mentioned 
earlier,  these  maximum  efficiency  values  depend  only  on  the  piezoelectric  material  used. 

Using  the  relations  derived  in  previous  sections,  we  can  also  compare  different  piezoelectric 
materials  in  terms  of  flowrate  and  frequency  requirements  and  system  efficiency.  Again,  let’s 
consider  the  same  system  for  the  0.5 W  power  requirement.  Figure  3-16  shows  the  required 
flowrates  for  different  piezoelectric  materials  and  different  circuitry  as  a  function  of  effective 
chamber  compliance.  It  should  be  noted  that  for  each  piezoelectric  material,  the  piezo  diameter, 
Dp,  is  adjusted  such  that  at  the  maximum  chamber  pressure,  the  stress  on  the  piezoelectric 
element  is  equal  to  its  depolarization  stress,  a <*.  The  required  flowrates  for  the  rectifier  circuit 
with  voltage  detector  are  significantly  less  than  the  case  with  just  the  rectifier.  It  can  be  also 
observed  that  PZN-PT  requires  the  least  flowrate  and  PZT-8  requires  the  most  flowrate  at  low 
compliance  values. 

The  required  frequencies  for  different  piezoelectric  materials  are  shown  in  Figure  3-17.  As 
mentioned  earlier  the  required  operation  frequency  in  the  case  of  rectifier  circuit  is  constant, 
regardless  of  the  effective  chamber  compliance.  Since  the  force  vs.  displacement  curve  in  the 
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Figure  3-16:  Required  flowrates  for  0.5  power  generation.  Comparison  of  different  piezoelectric 
elements  and  different  circuitry. 


case  of  the  rectifier  and  voltage  detection  circuit  depends  heavily  on  the  effective  chamber 
compliance,  the  required  frequency  for  a  certain  power  requirement  depends  on  the  effective 
chamber  compliance.  Since  the  materials  PZT-8  and  PZT-4S  have  very  high  depolarization 
stresses  compared  to  PZT-5H  and  PZN-PT,  the  electrical  energy  stored  per  cycle  for  PZT-8 
and  PZT-4S  is  much  larger,  which  means  reduced  frequency  requirements  for  the  same  power 
requirement.  For  example,  although  PZN-PT  has  the  highest  coupling  coefficient's  =  0.89) 
among  the  piezoelectric  materials  discussed  here,  it  requires  higher  operation  frequencies  due 
to  its  low  depolarization  stress. 

Figure  3-18  shows  the  system  efficiency  for  different  piezoelectric  materials  and  circuitry.  It 
can  be  seen  that,  the  chamber  with  the  rectifier  circuit  and  voltage  detector  is  more  efficient 
than  the  case  with  the  rectifier.  As  the  effective  compliance  gets  smaller  and  smaller,  the 
system  efficiencies  approach  their  maximum  value,  which  are  given  by  equations  3.35  and  3.54 
for  rectifier  and  rectifier  with  voltage  detector  cases  respectively.  As  expected,  PZN-PT  is  the 
most  efficient  material  due  to  its  high  coupling  coefficient (*33  =  0.89)  and  PZT-8  is  the  least 
efficient  material  due  to  its  low  coupling  coefficient(fc33  =  0.64).  Although  PZT-8  is  the  least 
efficient  one,  it  might  be  a  better  suited  material  since  the  system  with  PZN-PT  has  very  high 
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Figure  3-17:  Required  frequencies  for  the  0.5W  power  requirement.  Comparison  of  different 
piezoelectric  materials  and  circuitry.  Note  that  the  required  frequency  in  the  case  of  regular 
rectifier  is  independent  of  the  chamber  compliance. 
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Figure  3-18:  Comparison  of  different  piezoelectric  materials  and  circuitry  in  terms  of  system 
efficiency. 

frequency  requirements.  The  material  selection  process  should  address  the  design  trade-ofls 
and  should  take  the  remaining  components  of  the  system,  for  example  the  active  valves,  into 
consideration.  One  might  choose  to  use  PZN-PT  which  requires  very  high  frequencies,  but 
this  frequency  can  exceed  the  bandwidth  of  the  active  valves.  This  issue  will  be  addressed  in 
Chapter  5. 

One  should  remember  that  the  analysis  of  the  chamber  attached  to  the  rectifier  and  the 
voltage  detector  presented  in  this  chapter  assumed  that  the  impedances  (inductances)  of  the 
fluid  channels  are  large  enough  such  that  there  are  sudden  pressure  drops  inside  the  chamber 
and  the  governing  equations  are  derived  assuming  that  in  the  time  interval  where  the  SCR  is 
in  its  ”on”  state,  there  is  no  net  flowrate  into  the  chamber. 


3.6  Summary  and  Conclusion 

This  chapter  presented  a  simple  analysis  of  the  energy  harvesting  chamber  and  a  case  study 
using  a  simulation  for  a  predetermined  chamber  geometry  and  operating  conditions.  The  in¬ 
teraction  between  the  chamber  and  the  circuitry  has  been  investigated.  Some  of  the  important 
performance  metrics  derived  in  the  previous  sections  are  summarized  in  Table  3.3. 
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Rectifier 

Rectifier-b Voltage  Detector 

Effective  Coupling  Factor 

Minimum  Required  Flowrate 

Maximum  System  Efficiency 

iJl  ^33 

eff  fe|3+ 2 

(4-2  kl)W 
Qmm~  PHPR 

4s 

77  “  4  —  2fc|3 

,2  2*4 

keff(Ccff= 0)  -  2fc|3  +  1 

n  (l  +  kh)W 

Qmm~  fc§3  PBPR 

*4 

v~i +H3 

Table  3.3:  Summary  and  comparison  of  circuitry  in  terms  of  performance  indices 


The  first  row  summarizes  the  expressions  obtained  for  the  effective  coupling  factor  for  the 
two  circuits  analyzed  in  this  chapter.  The  second  expression  in  the  first  row  represents  the  effec¬ 
tive  coupling  factor  for  the  rectifier  with  voltage  detection  circuit  for  the  case  where  Ceff  =  0, 
which  corresponds  to  the  most  efficient  operation  condition  for  the  energy  harvesting  chamber. 
However,  maximum  effective  coupling  factor  for  this  circuit  occurs  when  Cefj  =  oo,  which  is 
the  same  as  the  effective  coupling  factor  of  the  same  circuit  for  the  applied  force  case,  which 
was  presented  in  Chapter  2.  The  effective  coupling  factor  for  the  full  bridge  rectifier  case  is  the 
same  regardless  of  the  effective  compliance  of  the  energy  harvesting  chamber.  The  second  row 
presents  the  minimum  required  flowrate  for  a  given  power  requirement  and  maximum  pressure 
in  the  chamber.  The  third  row  represent  the  maximum  system  efficiency.  The  second  and 
third  rows  correspond  to  the  case  where  Ceff  =  0.  As  mentioned  earlier,  the  maximum  system 
efficiency  of  the  energy  harvesting  chamber  depends  only  on  the  piezoelectric  material  chosen, 
namely  the  coupling  coefficient  (£33).  The  expressions  are  plotted  as  a  function  of  the  coupling 
coefficient  in  Figure  3-19.  A  comparison  of  different  piezoelectric  materials  is  also  made  on  the 
same  plot. 

The  expressions  for  the  maximum  system  efficiency  in  Table  3.3  put  an  upper  limit  on  the 
system  efficiency.  It  is  interesting  to  note  that,  at  £33  =  1  the  two  curves  reach  the  same  point, 
which  is  50%  efficiency.  This  means  that,  even  with  a  perfect  piezoelectric  material's  =  1) 
and  zero  effective  compliance,  which  are  not  possible,  the  system  efficiency  cannot  exceed  50%. 

The  most  important  conclusion  of  this  chapter  is  that  the  performance  of  the  energy  har¬ 
vesting  chamber  depends  on 
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Figure  3-19:  Maximum  system  efficiency(which  corresponds  to  the  case  where  the  effective 
compliance  of  the  chamber  is  zero) as  a  function  of  the  coupling  coefficient. 

-  Rectification  circuit  topology 

-  Piezoelectric  material  (£33,0^) 

-  Chamber  compliance(Ce//) 

Again  it  should  be  emphasized  that  the  efficiency  definition  in  this  chapter  corresponds  only 
to  the  energy  harvesting  chamber.  The  electrical  power  consumption  in  the  active  valves  is  not 
considered. 
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Chapter  4 


Detailed  Model  of  the  Energy 
Harvesting  Chamber 

This  chapter  presents  the  detailed  modelling  of  the  energy  harvesting  chamber.  In  Chapter 
3,  an  effective  chamber  compliance  (Ce//)  based  on  a  typical  MHT  device  was  assumed  to 
be  used  in  the  simulation  and  the  effect  of  compliance  on  system  performance  was  analyzed. 
This  chapter  investigates  the  contribution  of  different  structural  components  on  the  effective 
compliance  of  the  chamber.  It  also  presents  the  simulation  architecture  used  for  integrating 
elastic  equations  into  the  system  level  simulation. 

4.1  Analysis  of  a  Simplified  Chamber  Structure 

Consider  a  simple  circular  chamber  structure  consisting  of  a  fluid  chamber  and  rigid  walls, 
except  the  top  portion  of  the  chamber,  as  shown  in  Figure  4-1.  The  compliant  portion  can 
be  modeled  as  a  clamped  circular  plate  which  deforms  under  the  action  of  uniform  pressure 
underneath.  For  small  deflections,  the  deformation  of  the  top  plate  can  be  assumed  to  be  linear 
and  can  be  analyzed  using  linear  plate  theory  [50]. 

For  a  uniform  pressure  distribution  P  and  a  radius  of  a,  the  deflection  of  the  top  plate  as  a 
function  of  the  radial  distance  is  given  as: 


w(r)  - 


P 
64  D 


(*2-r2) 


,2\2 


(4.1) 
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Figure  4-1:  (a)  Simplified  chamber  structure  consisting  of  a  fluid  chamber  with  a  compliant 
wall  (b)  Deformation  of  the  top  plate  and  swept  volume. 


where  D  is  the  flexural  rigidity  of  the  plate  given  by: 


D  = 


Et 3 

12(1  -  u2) 


(4.2) 


where  E  and  v  is  the  Young  Modulus  and  Poisson  ratio  of  the  material  respectively,  and  t  is 
the  thickness  of  the  plate.  The  additional  volume  created  in  the  chamber  due  to  the  deformation 
of  the  plate  can  be  calculated  by  integrating  equation  4.1  over  the  plate: 


A 14  =  /  w(r)2nrdr 

Jo 


Pna6(l  —  i/2) 
16£t3 


The  structural  compliance  was  defined  in  Chapter  3  as: 


(4.3) 


Cs  = 


AVS 
A  P 


(4.4) 


which  represents  the  volume  change  of  the  chamber  due  to  structural  deformations  in  re¬ 
sponse  to  a  change  in  chamber  pressure.  In  this  simple  example,  the  top  plate  is  the  only 
compliant  structural  member.  Using  equations  4.4  and  4.3,  the  structural  compliance  can  be 
calculated  as: 


,  _  7ra6(l  -  i/2) 

s  ~  16 Efi 


The  effective  chamber  compliance  can  be  obtained  as: 


(4.5) 
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Figure  4-2:  Comparison  of  fluidic  and  structural  compliances  for  a  generic  chamber  structure 
at  different  chamber  diameters  for  fixed  chamber  height  and  top  plate  thickness. 


(  na2h  7m6  (1  —  v 2)  \ 

+  1 6Et*~  J 


(4.6) 


where  V0  is  the  initial  fluid  volume  inside  the  chamber,  is  the  bulk  modulus  of  the  fluid 
and  h  is  the  height  of  the  chamber. 


Consider  a  chamber  with  top  plate  thickness  of  500/im  and  chamber  height  of  200 fim. 
Figure  4-2  shows  a  comparison  of  fluidic  and  structural  compliances  for  different  chamber 
diameters.  It  can  be  seen  that,  for  small  chamber  diameters,  the  compliance  of  the  chamber 
is  dominated  by  the  fluidic  compliance,  whereas  at  large  chamber  diameters  the  structural 
compliance  dominates.  However,  it  should  be  noted  that,  if  all  the  geometric  parameters  are 
scaled  the  same  amount,  the  ratio  of  the  fluidic  and  structural  compliances  will  remain  the 
same.  This  issue  will  be  discussed  further  in  Chapter  5. 
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4.2  Detailed  Analysis  of  Structural  Components 

A  simplified  chamber  structure  consisting  of  a  compliant  top  plate  and  a  fluidic  chamber  has 
been  analyzed  in  the  previous  section.  This  section  will  present  detailed  analysis  of  individual 
structural  compliances  of  the  energy  harvesting  chamber  which  will  include  the  deformation  of 
the  top  and  bottom  support  structures,  deformation  of  the  piston  and  bending  of  the  tethers. 
Figure  4-3  shows  geometric  parameters  of  the  structural  components,  corresponding  deforma¬ 
tions  and  the  free  body  diagrams  which  will  be  used  in  the  formulations  of  the  governing 
equations. 

These  deformations  inside  the  energy  harvesting  chamber  can  be  adequately  represented 
by  the  linear  plate  theory  [50].  Each  component  will  be  modeled  as  a  plate  with  applied 
loading  and  boundary  conditions  to  determine  the  deflections  and  swept  volumes.  In  general, 
a  symmetrically  loaded  circular  plate  will  experience  deflections  due  to  bending  as  well  as 
shearing.  If  the  plate  thickness  is  small  compared  to  the  plate  outer  radius,  the  deflection  due 
to  bending  will  be  significantly  larger  than  that  due  to  shearing.  Since  the  radii  of  the  structural 
components  analyzed  are  larger  than  the  corresponding  thicknesses,  deformations  only  due  to 
bending  will  be  considered. 

4.2.1  Top  Support  Structure 

The  top  support  structure  is  modeled  as  a  clamped  circular  plate  which  deforms  under  the 
action  of  a  uniform  pressure  distribution  underneath.  The  governing  differential  equation  for 
the  symmetrical  bending  of  a  circular  plate  is  given  as: 


—  [I_l  fr<Mr)\1  _  Q(r) 
dr  r  dr  \  dr  J  D 


(4.7) 


where  D  is  the  flexural  rigidity  given  in  equation  4.2,  w(r)  is  the  deflection  of  the  plate,  and 
Q{r)  is  the  shear  force  per  unit  length.  For  a  uniformly  loaded  circular  plate  the  shear  force 
per  unit  length  is  given  as: 


where  P  is  the  pressure.  The  boundary  conditions  are: 


(4.8) 
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Figure  4-3:  (a)  Schematic  illustrating  the  dimensional  parameters  of  the  chamber,  (b)  deforma¬ 
tion  of  structural  components  and  sign  conventions,  (c)  free  body  diagrams  and  sign  conventions. 
Deflections  are  exaggerated. 
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w(r  =  a)  =  0 

(4.9) 
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'  “j£“(r  =  0)  =  0 

(4.11) 

By  integrating  the  governing  differential  equation  and 
the  deflection  of  the  plate  w(r)  can  be  determined  as: 

applying  the  boundary  conditions, 

»M  =  H  (“2 -O2 

(4.12) 

The  deflection  of  the  midpoint  of  the  top  support  structure  can  be  obtained  by  calculating 
the  deflection  of  the  top  plate  at  r  =  0  : 


_3g*a*(l  -v2)  ,  _ 

Xtp  i QEt3  ~  KdtP^ch 


(4.13) 


where  kdtp  depends  only  on  the  chamber  diameter  and  the  top  plate  thickness. 

The  corresponding  swept  volume  can  be  calculated  by  integrating  equation  4.12  over  the 
plate  as: 


AVtp^  Jo  W^2wrdr  =  ^  ~  ~  =  (4.14) 

where  ktp  depends  only  on  the  chamber  diameter  and  the  top  plate  thickness. 

Equations  4.12  and  4.14  are  the  same  equations  used  in  the  previous  section. 

4.2.2  Bottom  Support  Structure 

A  rigid  bottom  structure  beneath  the  piezoelectric  element  would  ensure  that  all  of  the  deflection 
of  the  piston  goes  into  the  compression  of  the  piezoelectric  element.  In  reality,  this  structure  is 
not  rigid  and  as  a  result  this  bottom  structure  deformation  results  in  less  compression  of  the 
piezoelectric  element  at  a  given  chamber  pressure. 
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Figure  4-4:  Model  of  the  bottom  support  structure:  circular  plate  with  a  circular  hole  at  its 
center  with  guided  boundary  condition  at  inner  radius  b  and  clamped  boundary  condition  at 
outer  radius  a. 

The  bottom  support  structure  is  modeled  as  a  circular  plate  with  a  circular  hole  at  the 
center  which  is  clamped  at  its  outer  radius  (r  =  a)  and  guided  at  its  inner  radius  (r  =  b), 
shown  in  Figure  4-4.  In  this  case  the  shear  force  per  unit  length  is  given  as: 


(4.15) 


where  Fp  is  the  force  acting  on  the  bottom  support  structure  through  the  guided  support  in 
the  inner  radius  (r  =  b).  The  boundary  conditions  are: 


w[r  =  a)  —  0 

(4.16) 
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The  deflection  of  the  bottom  plate,  xb,  can  be  calculated  by  integrating  equation  4.7  and 
applying  the  boundary  conditions  to  obtain: 


xb  =  kbFp 


(4.19) 
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where  kb  is  the  stiffness  of  the  bottom  plate  which  depends  on  the  thickness  of  the  bottom 
plate,  that,  inner  radius  ( b  =  Dp/ 2),  and  outer  radius  ( a  =  £>ch/2). 

4.2.3  Piston 

The  piston  is  modeled  as  a  circular  plate  with  a  circular  hole  at  the  center  which  is  simply 
supported  at  its  outer  radius  (r  =  a)  assuming  that  the  tethers  exert  insignificant  bending 
moments  on  the  piston  at  its  outer  radius,  and  guided  at  its  inner  radius  (r  —  6),  shown  in 
Figure  4-5.  In  this  case  the  shear  force  per  unit  length  is  given  as: 

0(r)  =  ^~ST  (4-20) 

where  Fp  is  the  force  acting  on  the  piston  through  the  guided  support  in  the  inner  radius 
(r  =  b). 

The  boundary  conditions  are: 


w(r  =  a)  =  0 


(4.21) 


Mr(r  =  a)  =  -D  =  «)  +  =  a)\ 

\  dr2  r  dr  J 


(4.22) 
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Figure  4-5:  Model  of  the  piston:  circular  plate  with  a  circular  hole  at  its  center  with  guided 
boundary  condition  at  inner  radius  b  and  clamped  boundary  condition  at  outer  radius  a. 


106 


^(,  =  6)=0 


(4.23) 


where  Mr  denotes  the  bending  moment  per  unit  length  along  circumferential  sections  of  the 
plate.  The  deflection  of  the  piston  and  the  corresponding  swept  volume  can  be  calculated  by 
integrating  equation  4.7  and  applying  the  boundary  conditions  to  obtain: 

Xpb  Xpis  Xfe  =  kp\Fp  “l-  kp%Pch  (4.24) 


AVpb  =  kp3Fp  +  kpiPcH  (4.25) 

where  fcpi,fcp2,fcp3,and  kpi  depend  on  the  thickness  of  the  piston,  tpiS,  inner  radius  (6  = 
Dpi 2),  and  outer  radius  (a  =  Dpia/2).  The  dynamics  of  the  piston  can  be  represented  using 
the  free  body  diagram  in  Figure  4-3  as: 

yj2/y»  . 

-  -ApisPcH  +  Fp  -  Fte  =  Fnet  (4.26) 


4.2.4  Piston  Tethers 

In  this  section,  tethers  corresponding  to  a  double  layer  piston  structure  will  be  analyzed  which 
consist  of  a  top  and  bottom  tether  structure.  In  order  to  allow  for  flexibility  in  design,  the 
top  and  bottom  tethers  are  defined  to  have  different  thicknesses  (ttetop^tobot)-  The  top  tether 
is  modeled  as  a  circular  plate  with  a  circular  hole  at  the  center  which  is  clamped  at  its  outer 
radius  and  guided  at  its  inner  radius,  shown  in  Figure  4-6.  It  experiences  a  concentrated  force, 
Ftetopi  at  inner  radius  and  a  uniform  pressure  loading,  Pch-  The  shear  force  per  unit  length 
is  given  as: 


Q(r)  = 


Ftetop 
27T  r 


Pchjr2  -  b2) 
2r 


The  boundary  conditions  are: 


(4.27) 


w(r  =  a)  =  0 


(4.28) 


107 


"tetop 


w(r) 

Pch 

m  \  i 

jj j  limn 

E,v 


Figure  4-6:  Model  of  the  top  tether:  circular  plate  with  a  circular  hole  at  its  center  with  guided 
boundary  condition  at  inner  radius  b  and  clamped  boundary  condition  at  outer  radius  a. 
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(4.29) 

^(r  =  6)=0 

(4.30) 

The  deflection  of  the  top  tether  and  the  corresponding  swept  volume  can  be  calculated  by 
integrating  equation  4.7  and  applying  the  boundary  conditions  to  obtain: 


%te  ^ttl^tetop  ^tt2^ch  (4.31) 

—  kttiFtetop  +  kttiPch  (4.32) 

where  ktti,ktt2,  fcft3)and,  ktt4  depend  on  the  thickness  of  the  top  tether,  ttetop,  inner  radius 
(b  =  Dpi3/2),  and  outer  radius  (a  =  £><*/ 2). 

Since  the  tethers  are  much  thinner  than  the  support  structures  and  the  piston,  it  is  important 
to  consider  the  stress  in  the  tethers  and  make  sure  that  they  don’t  exceed  the  critical  value  of 
1  GPa  [7].  For  a  circular  plate  subject  to  symmetrical  bending,  the  two  stress  components  can 
be  calculated  as: 


or  = 


6  MT 
ft2 


(4.33) 
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6  Mt 
Ct~  h 2 


(4.34) 


where  Mr  and  Mt  are  the  bending  moment  per  unit  length  along  the  circumferential  sections 
of  the  plate  and  along  the  diametral  section  of  the  plate  respectively,  and  h  is  the  thickness  of 
the  plate.  The  bending  moments  are  obtained  as: 

(435) 

(436) 

where  D  is  the  flexural  rigidity  of  the  plate.  Using  the  equations  4.33,  4.34,  4.35,  4.36,  the 
stress  components  can  be  calculated  after  the  governing  plate  equation  4.7  is  integrated  using 
appropriate  boundary  conditions  and  the  deflection  of  the  plate,  w,  is  determined.  As  will  be 
seen  later  in  the  next  chapter,  ar  is  generally  bigger  than  at  and  the  maximum  stress  occurs  at 
a  =  Dch/2 .  Then  we  can  write  the  maximum  stress  in  the  top  tether  as: 

0"max  =  &tt  ~ 

which  can  be  alternatively  expressed  as 


6Mr(r  =  Dch/2) 
f2 

ltetop 


(4.37) 


CTtt  =  SttlFtetop  +  SttlPch  (4.38) 

where  sui  and  stt 2  depend  on  the  thickness  of  the  top  tether,  ttetap ,  inner  radius  ( b  =  DpiS/ 2), 
and  outer  radius  (a  =  Dch/2). 

The  bottom  tether  is  modeled  in  the  same  way  as  the  top  tether,  except  it  experiences  only 
a  concentrated  force,  Ftebou  its  inner  radius  and  no  pressure  loading.  The  shear  force  per 
unit  length  is: 


Ftebot 
2n  r 


(4.39) 


The  boundary  conditions  are  the  same  as  the  boundary  conditions  for  the  top  tether.  The 
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deflection  of  the  bottom  tether,  which  is  equal  to  the  deflection  of  the  top  tether  can  be  obtained 
by  integrating  equation  4.7  and  applying  the  boundary  conditions  to  obtain: 

xte  =  ktbF lebot  (4.40) 

where  depends  on  the  thickness  of  the  bottom  tether,  ttebot,  inner  radius  (6  =  D^/ 2), 
and  outer  radius  (a  —  Dch/2). 

Similarly,  the  stress  in  the  bottom  tether  can  be  calculated  as: 


vtb  =  StbFtebot  (4.41) 

where  s£&  depends  again  on  the  thickness  of  the  bottom  tether,  ttebot,  inner  radius  ( b  = 
Dpis/2),  and  outer  radius  ( a  =  D^/2) 

We  can  also  write: 


Fte  —  Ftetop  +  Ftebot  (4.42) 

which  represents  the  force  balance  at  the  connection  point  of  the  tethers  with  the  piston. 
Detailed  derivations  of  the  elastic  equations  of  the  structural  components  are  detailed  in 
Appendix  C. 

4.3  Simulation  Architecture 

This  section  will  present  the  simulation  architecture  used  for  integrating  the  elastic  equations 
into  the  system  level  simulation. 

Chamber  Continuity 

The  continuity  equation  was  derived  in  the  previous  chapter.  In  this  section  a  more  detailed 
equation  will  be  derived  considering  the  volume  displaced  in  the  chamber  due  to  deformations 
of  individual  structural  members.  In  the  previous  chapter,  all  the  volume  displaced  by  de¬ 
formations  was  analyzed  as  a  bulk  value,  namely  AVS ,  and  was  used  to  define  the  structural 
compliance,  Cs.  Rewriting  equation  3.5,  we  have: 
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(4.43) 


dPch  Pf  dV 
dt  V0  dt 

where  Pf  is  the  bulk  modulus  of  the  fluid,  Va  is  the  initial  volume  of  the  fluid  inside  the 

dV 

chamber  and  —  is  the  rate  of  the  volume  change  of  the  fluid.  Sources  of  the  volume  change 

at 

are  net  flowrate  into  the  chamber,  piston  movement  and  additional  volume  created  inside  the 
chamber  due  to  structural  deformations.  Considering  these  effects  and  integrating  equation 
4.43,  we  can  write: 


Pch  =  ^  -  Q^dt  +  +  A^  +  AV*  ~  AVtp)  (4-44) 

where  AV^S,  A Vpb,  A Vte,  A Vtp  represent  the  swept  volume  due  to  the  motion  of  the  piston, 
deformation  of  the  piston,  deformation  of  the  top  tether  and  deformation  of  the  top  support 
structure  respectively.  The  swept  volume  due  to  the  motion  of  the  piston  is  simply  equal  to: 

A  Vpis  =  XpisApis  (4.45) 

where  ApiS  is  the  area  of  the  piston.  By  arranging  equation  4.44  we  can  obtain: 

Pch  =  Qr  +  Ctp'j  -  Qout)dt  +  XpisApis  +  AVpb  +  AI4)  (4.46) 

where  Ctp  represents  the  structural  compliance  corresponding  to  the  deformation  of  the  top 
support  structure,  which  is  given  by  equation  4.5. 

Piezoelectric  Cylinder 

For  a  cross-sectional  area  of  Ap  and  length  LP)  the  net  deflection  of  the  piezoelectric  element 
and  the  voltage  across  it  can  be  expressed  using  linear  constitutive  relationships  as: 

xb-xpis  =  ^(sgFp  +  ^Qp)  (4.47) 

Zip  £33 

Vr  =  ^pFf-^rQr)  <<•«) 

71 P  £33  £33 
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where  Qp  is  the  charge  on  the  piezoelectric  element. 

Equations  4.13,  4.14,  4.19,  4.24,  4.25,  4.26,  4.31,  4.32,  4.38,  4.40,  4.41,  4.42,  4.44,  4.47,  and 
4.48  (15eqns)  can  be  solved  for  the  15  unknowns,  namely  Vp,  xtp,  AVtp,  AVte,  AV^,  xb,  xte, 
Fte,  Fte-top,  Fte-bot,  <?tt,  <Ttb,  FP}  P^,  and  Fnet  in  terms  of  Qp,Xpia,  and  Q^t  where 


Qnet 


f(Qv 

JO 


Qout'jdt 


(4.49) 


which  represents  the  net  fluid  volume  change  inside  the  chamber  due  to  the  fluid  flow  into 
and  out  of  the  chamber  [52].  The  elastic  equations  along  with  the  chamber  continuity  equation 


and  piezoelectric  element  constitutive  relationships  are  solved  in  Maple  and  the  coefficients 
(■An*  ^12  ...)  of  the  15x3  matrix  required  by  the  simulation  architecture,  shown  in  Figure 
4-7,  is  calculated.  The  coefficients  are  then  processed  in  a  Matlab  code  to  generate  the  15x3 
matrix,  which  is  fed  to  Simulink.  The  details  are  presented  in  Appendix  B  and  Appendix  C. 
The  Simulink  blocks  of  the  system  model  are  presented  in  Appendix  A. 

The  matrix  equation  solved  in  Simulink  is  as  follows: 
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(4.50) 


Figure  4-7:  Simulation  architecture  used  to  integrate  the  elastic  equations  into  system  level 
simulation. 


where  the  matrix  coefficients  are  calculated  using  Maple. 

The  simulation  architecture  allows  for  integration  of  the  elastic  equations  into  the  dynamic 
simulations  as  well  as  for  monitoring  important  parameters  like  deflections  and  swept  volumes 
of  the  individual  structural  components  and  stresses  in  the  tethers. 

4.4  Conclusion 

This  chapter  presented  detailed  analysis  of  the  energy  harvesting  chamber  in  terms  of  the 
deformations  of  individual  structural  components.  The  deformations  are  analyzed  using  linear 
plate  theory.  It  is  assumed  that  the  deflections  due  to  bending  are  significantly  larger  than 
those  due  to  shearing.  A  simulation  architecture  is  presented  to  be  included  in  the  overall 
system  level  simulation,  which  allows  for  inclusion  of  the  elastic  equations  into  the  dynamic 
simulation  and  allows  for  monitoring  important  parameters. 
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Chapter  5 


Further  Design  Considerations  and 
Design  Procedure 


This  chapter  presents  further  design  considerations  in  addition  to  those  issues  discussed  in 
Chapter  3.  These  are  fluidic  oscillations  within  the  system,  chamber  filling  and  evacuation, 
tether  structure  optimization  and  the  effect  of  operation  conditions  and  geometry  on  system 
performance.  At  the  end  of  the  chapter,  a  design  procedure  along  with  two  design  examples 
and  simulation  results  will  be  presented.  The  system  is  analyzed  only  for  the  case  where  the 
chamber  is  attached  to  the  regular  bridge. 


5.1  Further  Design  Considerations 

5.1.1  Fluidic  Oscillations 

Inertial  effects  should  be  considered  when  designing  hydraulic  systems  containing  small  chan¬ 
nels.  In  fact,  in  the  MHT  devices,  the  fluid  channels  and  the  main  chamber  constitute  a 
resonating  system  similar  to  a  Helmholtz  resonator,  shown  in  Figure  5-1,  which  comprises  a 
fluid  channel  and  a  chamber  with  an  effective  compliance  C.  The  natural  frequency  of  the 
Helmholtz  resonator  can  be  calculated  by  considering  the  free-body  diagram  of  the  fluid  slug 
within  the  channel.  The  equation  of  motion  of  the  fluid  slug  can  be  written  as: 
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chamber 


Figure  5-1:  Helmholtz  Resonator. 


(fix 

pAcLc-^  +  PAc  =  0 


(5.1) 


where  P  is  the  pressure  inside  the  chamber  which  builds  up  as  a  result  of  the  additional 
fluid  flow  into  the  chamber,  which  can  be  expressed  as: 


P  = 


AcX 


(5.2) 


Combining  equations  5.1  and  5.2  we  can  obtain  the  governing  equation  for  the  Helmholtz 
resonator  as: 

i+(^t)x=°  <5-3> 

The  natural  frequency  of  the  resonator  can  be  easily  obtained  from  equation  5.3: 


Wn  = 


(5.4) 


We  can  conclude  that  the  natural  frequency  of  the  oscillations  similar  to  Helmholtz  res¬ 
onator  within  the  system  depends  on  the  channel  geometry^  ratio),  the  compliance  of  the 
chamber  and  the  density  of  the  working  fluid.  The  chamber  compliance  here  refers  to  the  over¬ 
all  chamber,  including  the  compression  of  the  piezoelectric  element.  In  Chapter  3,  an  effective 
chamber  compliance,  Ceff,  was  defined  which  took  only  the  structural  deformations  and  fluid 
compression  into  account,  but  not  the  compression  of  the  piezoelectric  element.  In  the  context 
of  this  discussion,  it  is  convenient  to  define  an  overall  chamber  compliance,  C,  which  includes 
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the  structural  deformations,  fluid  compression,  and  the  deformation  of  the  piezoelectric  element. 
The  overall  chamber  compliance  in  this  case  can  be  defined  as: 

n  —  QLL  ~  f(®in  Z  (5  5) 

A  Pch  "  A  Pch  V  ‘  ' 

where  A Vf  is  the  fluid  volume  change  in  the  chamber  due  to  the  fluid  flow.  In  fact,  this 
compliance  is  not  a  constant  value  in  the  actual  power  generator  since  the  stiffness  of  the 
piezoelectric  element  changes  constantly  (the  stiffness  flips  between  open-circuit  and  close- 
circuit  stiffnesses  of  the  piezoelectric  element)  during  the  operation,  as  discussed  in  Chapter  2 
and  Chapter  3.  In  the  following  two  subsections,  the  fluidic  oscillations  will  be  analyzed  for  two 
cases.  In  the  first  case,  a  constant  overall  chamber  compliance  will  be  assumed  for  simplicity 
and  in  order  to  get  insight,  and  in  the  second  case  the  actual  system,  i.e.  the  chamber  attached 
to  the  rectifier  circuit  will  be  analyzed  in  terms  of  fluidic  oscillations. 


Analysis  with  Constant  Overall  Chamber  Compliance 

Consider  a  chamber  with  constant  overall  chamber  compliance,  C  —  10~17[m3/Pa],  as  defined  in 
equation  5.5.  Figure  5-2  shows  the  simulation  of  the  system  for  different  chamber  geometries,  i.e. 
for  different  Lc/Ac  ratios.  In  the  simulation,  the  operation  conditions,  valve  size  and  openings 
are  adjusted  such  that  the  chamber  pressure  fluctuates  between  Phpr  and  Plpr  for  the  case 
where  the  inertial  effects  in  the  channels  are  negligible.  These  conditions  are:  Phpr  =  2 MPa, 
Plpr  =  0,  /  =  10 kHz,  RyC  =  200/xm,  voin  =  voout  =  20 pm,  and  the  working  fluid  is  silicon-oil. 

It  can  be  see  that  there  exists  an  optimum  Lc/Ac  value  for  which  the  difference  between 
the  maximum  and  minimum  pressures,  i.e.  the  pressure  band,  A  Pch,  is  maximum.  This  value 
is  approximately  25000(l/m).  The  pressure  band  is  not  very  sensitive  to  Lc/Ac  around  the 
optimum  value,  i.e.  Lc/Ac  =  24000  or  Lc/Ac  =  26000  results  pretty  much  in  the  same  pressure 
band.  In  fact,  the  optimum  value  of  the  Lc/Ac  can  be  approximated  using  equation  5.4.  Figure 
5-3  shows  the  inlet  flowrate  time  histories  from  the  simulation.  It  can  be  seen  that,  the  fluid 
inductance  in  the  channel  causes  the  flow  to  lag,  i.e.  the  flowrate  reaches  its  maximum  at  a 
later  time  compared  to  the  case  where  the  fluid  inductance  is  negligible. 
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Time  [10-**] 


Figure  5  2:  Simulation  of  the  chamber  with  constant  overall  compliance  for  different  channel 
geometries. 


Figure  5-3:  Comparison  of  flowrate  time  histories  for  different  L/A  ratios. 
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2.5 


Chamber  Pressure  (/><*) 


Figure  5-4:  Simulation  of  the  chamber  attached  to  circuitry  for  different  channel  geometries. 
Analysis  of  the  chamber  attached  to  circuitry 

Consider  the  chamber  geometry,  effective  compliance  and  operation  conditions  presented  in 
Table  3.2  of  Chapter  3.  Figure  5-4  shows  the  simulation  of  the  same  geometry  for  different 
Lc/Ac  ratios.  Again,  the  valve  size  and  opening  is  adjusted  such  that  the  chamber  pressure 
fluctuates  between  Phpr  and  Plpr  for  the  case  where  the  inertial  effects  in  the  channels  are 
negligible.  These  conditions  are:  Phpr  =  2 MPa,  Plpr  =  0,  /  =  10 kHz,  Rye  =  200/zm, 
VOin  =  voout  =  20/zm,  the  working  fluid  is  silicon-oil,  and  the  battery  voltage,  V&,  is  90F,  which 
is  optimized  for  a  pressure  band  of  2 MPa.  Similar  to  the  case  where  a  constant  overall  chamber 
compliance  was  assumed,  there  exists  an  optimum  Lc/Ac  value  for  which  the  difference  between 
the  maximum  and  minimum  pressures,  i.e.  the  pressure  band,  A Pch,  is  maximum. 

Figure  5-5  shows  the  effect  of  Lc/Ac  ratio  on  pressure  band  and  generated  power.  Through¬ 
out  the  simulations  the  battery  voltage  was  not  changed.  In  fact,  in  a  design,  the  battery 
voltage  should  be  determined  according  to  the  expected  pressure  band,  which  determines  the 
stress  band  on  the  piezoelectric  element.  For  example,  for  the  optimum  Lc/Ac  ratio,  the  pressure 
band  is  2.435MPa,  which  suggests  a  battery  voltage  of  approximately  125V.  If  the  simulation 
is  repeated  with  this  value,  the  pressure  band  is  now  2.472MPa,  which  is  slightly  different  than 
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Figure  5-5:  Effect  of  L/A  ratio  on  pressure  band  and  generated  power. 

the  previous  value,  and  the  generated  power  is  0.1068W.  The  slight  change  in  the  pressure  band 
suggests  that  the  change  in  the  battery  voltage  caused  a  small  change  in  the  overall  chamber 
compliance,  because  it  basically  determines  the  voltage  level  where  the  piezoelectric  element 
will  change  its  stiffness,  and  therefore  effects  the  tune  intervals  in  which  the  piezoelectric  ele¬ 
ment  posses  the  different  stiffnesses.  The  expression  for  the  optimum  battery  voltage  was  given 
in  Chapter  2  as: 

y  _  1  A<x(sf)  -  s^)Lp 

b~4  d33  (56) 

which  can  be  written  in  terms  of  the  pressure  band  in  the  chamber  as: 


y  _  1  s  (S33  —  S-j^Lp 

6"4  Ap  dT3  <5'7) 

where  Apis  and  Ap  are  the  piston  area  and  the  cross-sectional  area  of  the  piezoelectric 
cylinder  respectively,  and  A cr  is  the  stress  band  on  the  piezoelectric  element.  It  should  be 
noted  that,  when  writing  equation  5.7  the  effect  of  tethers  and  piston  dynamics  is  neglected.  In 
other  words,  static  force  balance  between  the  piston  and  piezoelectric  element  is  assumed  and 
the  force  applied  by  the  tethers  on  the  piston  is  neglected.  This  issue  will  be  addressed  later. 

We  can  conclude  that,  for  a  given  overall  chamber  compliance  there  exists  an  optimum 
Lc/Ac  ratio  at  a  certain  operation  frequency,  or  similarly,  there  exists  an  optimum  operation 
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frequency  for  a  certain  overall  compliance  and  Lc/ Ac  ratio.  The  fluidic  oscillations  should  be 
considered  in  any  design  procedure  and  the  channels  should  be  designed  accordingly.  This  will 
be  addressed  later  in  the  discussion  of  the  design  procedure. 

The  overall  chamber  compliance  was  defined  as  the  compliance  of  the  chamber  including 
the  compliances  due  to  structural  deformations  and  fluidic  compliance,  which  is  represented  by 
the  effective  compliance,  Ce//,  and  the  compliance  due  to  the  deflection  of  the  piezoelectric 
element.  The  compliance  due  to  the  deflection  of  the  piezoelectric  element  can  be  calculated 
considering  the  volume  displaced  by  the  piston  due  to  the  deflection  of  the  element  as  a  response 
to  the  pressure  change  in  the  chamber: 

/  A  PchApis  \  . 

_  A XpApjs  __  \  kp  )  __  Apts  /g  gN 

p "  A  PcH  ~  A  PcH  ~  A  Pch  kp  V  ‘  } 


where  kp  is  the  stiffness  of  the  piezoelectric  element,  which  can  be  expressed  as: 


kp 


Ap 

533  Lp 


(5.9) 


where  Ap  and  Lp  are  the  cross-sectional  area  and  the  length  of  the  piezoelectric  element 
respectively,  and  S33  is  the  compliance  coefficient  of  the  element.  As  mentioned  earlier,  the 
stiffness  of  the  piezoelectric  element  changes  constantly  during  the  operation  between  the  open 
circuit  and  closed  circuit  stiffnesses,  which  should  be  calculated  using  S33  and  sf3  respectively. 
Therefore  the  system  is  highly  nonlinear  and  it  is  impossible  to  express  the  resonant  frequency, 
or  the  optimum  Lc/Ac  ratio  analytically.  However  we  can  get  a  first  order  estimation  of  the 
resonant  frequency  using  one  of  the  stiffnesses  above.  For  example  using  the  open  circuit 
compliance  coefficient,  S33,  and  from  equations  5.4,  5.8,  and  5.9  we  obtain: 


f  =J_  /  5 

In  2ir  y  Lcp  (Ceff  +  Cp) 
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(5.10) 


where  Cef  /  is  the  effective  chamber  compliance. 

It  is  very  important  to  note  that  in  the  simulations  presented  in  this  and  the  previous 
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sections  (Figures  5-2  and  5-4),  the  pressure  in  the  chamber  overshot  the  reservoir  pressures 
( Phpr  and  Plpr)  in  the  resonance  conditions,  which  resulted  in  negative  pressures,  which 
should  be  avoided  because  of  cavitation.  In  the  design  procedure,  the  operation  conditions 
should  be  adjusted  such  that  there  won’t  be  any  cavitation.  For  example  the  system  can  be 
biased,  i.e.  the  reservoir  pressures  can  be  increased  keeping  the  difference  the  same.  Or,  the 
valve  openings  can  be  adjusted  accordingly.  The  motivation  for  operating  at  resonance  condition 
is  that  the  same  pressure  band  can  be  achieved  with  smaller  valve  cap  sizes  or  valve  openings 
compared  to  the  case  of  negligible  or  very  large  fluid  inductance  in  the  channels,  resulting  in 
reduced  power  consumption  in  the  active  valves. 

5.1.2  Chamber  filling  and  evacuation 

In  order  to  attain  the  desired  pressure  bands  inside  the  chamber,  it  is  important  to  design  the 
valve  sizes,  openings  and  the  operation  frequency  accordingly.  Consider  the  chamber  attached 
to  the  circuitry  discussed  in  the  previous  section.  Figure  5-6  shows  the  effect  of  valve  opening  on 
pressure  band  in  the  chamber.  A  valve  opening  of  20/wn  provides  perfect  filling  and  subsequent 
evacuation  of  the  chamber  in  the  required  time  interval  and  the  chamber  pressure  fluctuates 
between  the  reservoir  pressures.  A  small  valve  opening  of  5 fim  results  in  poor(slow)  filling 
and  evacuation,  resulting  in  a  reduced  pressure  band.  A  large  valve  opening  of  50 fitn  provides 
very  fast  filling  and  evacuation,  which  causes  the  chamber  pressure  to  retain  its  maximum 
and  minimum  values  for  long  time  intervals.  The  latter  results  in  the  same  power  generated, 
however  it  also  results  in  more  power  consumption  in  the  active  valves  due  to  the  higher  stroke. 
A  similar  result  would  be  obtained  by  keeping  the  valve  opening  the  same,  but  increasing  the 
valve  cap  size.  Again  more  power  would  be  consumed  in  the  active  valves. 

Figure  5-7  shows  the  effect  of  operation  frequency  on  the  pressure  band  in  the  chamber. 
It  can  be  seen  that,  for  a  fixed  valve  opening,  different  operation  frequencies  result  in  system 
behaviors  similar  to  the  ones  in  Figure  5-6.  At  high  frequency,  there  is  not  enough  time  for 
the  valve  to  fill  and  evacuate  the  chamber  in  the  required  time  interval.  Similarly,  at  low 
frequency,  there  is  more  than  enough  time  for  the  valves  to  fill  and  evacuate,  which  results  in 
similar  behavior  to  the  case  of  large  valve  opening.  This  implies  that,  the  valve  opening  can 
be  reduced  for  reduced  power  consumption  in  the  active  valve  and  yet  the  same  power  can  be 
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Figure  5-6:  Effect  of  valve  opening  on  the  pressure  band  in  the  chamber. 


Figure  5-7:  Effect  of  operation  frequency  on  the  pressure  band  in  the  chamber. 
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generated  as  long  as  the  pressure  band  in  the  chamber  is  kept  at  the  desired  level. 

In  the  two  cases  analyzed  above,  the  valve  cap  size  could  be  analyzed  instead  of  valve 
opening,  which  would  lead  to  the  same  conclusions.  The  combination  of  the  valve  size  and  the 
valve  opening  define  the  overall  valve  resistance.  We  can  conclude  that,  for  a  designed  operation 
frequency  and  pressure  band,  it  is  important  to  design  the  valve  size  and  opening  such  that  they 
will  provide  just  enough  filling  and  evacuation  of  the  chamber  in  the  required  time  interval, 
which  is  defined  by  the  operation  frequency,  so  that  the  chamber  pressure  fluctuates  between  the 
reservoir  pressures  in  the  most  economical  way.  As  will  be  addressed  later,  the  pressure  band 
is  a  very  important  design  parameter,  since  the  power  generated  is  proportional  to  the  square 
of  the  stress  band  on  the  piezoelectric  element.  Additional  design  considerations  concerning 
the  design  of  the  valve  size  and  opening  is  not  within  the  scope  of  this  thesis.  The  design 
optimization  of  the  active  valves  is  detailed  in  [5]. 

5.1.3  Tether  Structure  Optimization 

Design  of  the  piston  tether  structure  is  very  crucial  for  system  operation.  The  tethers  should 
be  flexible  enough  to  allow  sufficient  motion  of  the  piston,  yet  stiff  enough  to  avoid  introduction 
of  excessive  compliance  into  the  system.  The  tethers  have  to  be  designed  to  allow  maximum 
piezoelectric  element  compression  for  a  given  net  fluid  volume  into  the  chamber,  which  occurs 
basically  at  every  cycle  during  system  operation.  To  analyze  the  tether  structure,  consider  a 
simple  hypothetical  chamber  which  consists  of  a  fluid  chamber  with  rigid  walls,  a  single  layer 
piston  attached  to  the  wall  with  a  single  tether  providing  sealing,  and  a  piezoelectric  element. 
Figure  5-8  illustrates  the  hypothetical  chamber  and  different  tether  designs.  Figure  5-8(b) 
illustrates  a  good  tether  design  where  the  tethers  allow  large  piezoelectric  element  compression. 
Figure  5-8(c)  illustrates  a  poor  design  where  the  tether  is  either  too  thin  or  the  tether  width, 
tw,  is  very  large  (tw  =  [£><*  -  DpiS]/2).  This  results  in  low  pressure  in  the  chamber  and  small 
compression  of  the  piezoelectric  element  since  the  compliance  introduced  by  the  tether  is  very 
large.  In  other  words,  pressure  doesn’t  built  up  inside  the  chamber  because  of  the  excessive 
bending  of  the  tether.  Figure  5-8  (d)  illustrates  another  poor  design  where  the  tether  is  either 
too  thick  or  the  tether  width,  tw,  is  very  small.  In  this  case  the  pressure  in  the  chamber  is  high 
but  the  compression  of  the  piezoelectric  element  is  still  very  small  since  the  very  stiff  tethers 
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(C)  (d) 


Figure  5-8:  (a)  Schematic  illustrating  the  hypotethical  chamber  (b)  good  tether  design  providing 
large  piezoelectric  element  compression  (c)  poor  tether  design,  either  too  thin  or  large  width, 
resulting  in  low  chamber  pressure  and  small  piezoelectric  element  compression  (d)  poor  tether 
design,  either  very  thick  or  small  width,  resulting  in  large  pressures  but  small  piezoelectric 
element  compression. 

do  not  allow  the  piston  to  move  although  they  introduce  very  small  additional  compliance  into 
the  system.  This  suggests  that  for  a  design  where  the  chamber  diameter(or  piston  diameter)  is 
determined,  the  tether  structure  has  to  be  optimized  in  conjunction  with  fabrication  limitations, 
such  as  thickness  of  the  tether,  which  is  determined  by  the  SOI  wafer,  or  the  maximum  tether 
width  which  can  be  etched. 

Consider  a  chamber  of  the  following  geometric  parameters:  Dch  —  5mm,  Dp  =  1mm,  Lp  = 
1mm,  and  =  200 fim.  An  additional  fluid  volume,  AVf  =  10_11m3,  is  introduced  into  the 

chamber.  Figure  5-9  shows  piston  deflection/piezoelectric  element  deflection,  pressure  in  the 
chamber  and  the  compliance  of  the  chamber  for  different  tether  thicknesses  and  widths.  The 
tether  width  is  varied  by  keeping  the  chamber  diameter  the  same  and  changing  the  piston 
diameter.  Since  the  tether  width  is  very  small  compared  to  chamber  or  piston  diameter,  it 
doesn’t  matter  which  parameter  is  kept  constant,  i.e.  the  the  piston  diameter  could  be  kept 
constant  and  the  chamber  diameter  could  be  varied  alternatively.  Thus  we  can  generalize  this 
study  for  a  nominal  chamber  diameter  of  5mm.  It  can  be  seen  that  for  a  tether  thickness,  there 
exists  a  range  of  values  for  tether  widths  where  maximum  deflection  of  the  piston  occurs.  It 
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Figure  5-9:  (a)  Piston  deflection  for  different  tether  thicknesses  and  widths, (b)  corresponding 
pressures  in  the  chamber  (c)  compliance  of  the  chamber.  The  dashed  line  corresponds  to  the 
hypotethical  case  where  piston  diameter  is  equal  to  chamber  diameter  and  there  is  perfect 
sealing. 
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Figure  5-10:  (a)  Schetch  illustrating  tether  deflection.  (b),(c),and  (d)  show  the  stress  compo¬ 
nents  on  the  bottom  surface  and  deflected  shape  of  the  tether  for  3  different  cases,  (b)  good 
tether  design,  (c)  poor  tether  design  where  the  tether  is  too  compliant,  and  (d)  poor  tether 
design  where  the  tether  is  too  stiff. 
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Figure  5-11:  (a)  SEM  picture  of  micromachined  piston  structure  [7](b)detailed  view  of  the 
tether  and  the  fillet. 

can  be  also  seen  that  for  those  values,  the  additional  compliance  introduced  by  the  tethers  is 
negligible. 

Figure  5-10  illustrates  the  stresses  and  deflected  shapes  of  the  tether  with  a  thickness  of 
10/xm  for  three  different  cases.  Figure  5-10(b)  illustrates  a  good  design  where  the  tether  width 
is  optimized.  Figure  5-10(c)  illustrates  a  poor  design  where  the  tether  width  is  very  large  and 
therefore  the  pressure  in  the  chamber  and  piston  deflection  are  small.  Figure  5-10(d)  illustrates 
another  poor  design  where  the  tether  width  is  small  and  therefore  the  tether  is  very  stiff,  which 
results  in  small  piston  deflection  even  though  the  pressure  built  up  in  the  chamber  is  high.  It 
can  be  also  seen  that  the  stresses  in  this  case  are  very  large  compared  to  the  previous  two  cases. 

It  should  be  noted  that  linear  plate  theory  is  used  for  this  analysis  which  means  that  the 
neutral  axis  coincides  with  the  central  axis  of  the  tether.  In  general,  in  a  well-designed  tether 
structure,  the  bottom  surface  of  the  tether  experiences  compressive  stress  near  the  chamber 
wall  and  tensile  stress  near  the  piston,  which  is  the  case  in  Figure  5-10(b),  and  the  maximum 
stress  occurs  at  the  point  where  the  tether  is  attached  to  the  wall.  The  top  surface  experiences 
stresses  with  opposite  signs. 

It  is  also  very  important  to  consider  the  effect  of  the  fillet  on  the  stress  and  to  note  that 
the  stresses  calculated  from  the  linear  plate  theory  should  be  corrected  using  the  proper  stress 
concentration  factor.  However  the  stresses  calculated  using  linear  theory  give  a  reasonable 
estimate  and  provide  first  order  prediction  about  stresses  during  the  design  procedure.  A 
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detailed  study  of  the  fillet  radius  and  stress  concentration  factors  can  be  found  in  [7].  A 
fabricated  piston  structure  and  the  fillets  are  shown  in  Figure  5-11. 

5.1.4  Operation  Conditions  and  Trade-offs 

In  most  of  the  analysis  performed  so  far  the  basic  parameters  of  the  chamber,  such  as  chamber 
diameter,  and  operation  conditions  such  as  reservoir  pressures  and  operation  frequency  were 
fixed.  This  section  will  discuss  how  to  choose  chamber  geometry  and  operation  conditions  for  a 
given  power  requirement  and  will  discuss  trade-offs  between  operation  conditions.  The  general 
design  guidelines  can  be  summarized  as  follows: 

-  The  operation  frequency  should  be  kept  as  small  as  possible  due  to  the  bandwidth  limita¬ 
tions  imposed  by  the  active  valve  structure, 

-  The  flowrate  should  be  kept  as  small  as  possible  to  minimize  valve  size  and  reduce  power 
consumption  in  the  valves, 

-  The  maximum  pressure  in  the  chamber  should  be  kept  as  small  as  possible  in  order  to 
avoid  high  stresses  in  the  tethers  and  active  valve  membranes. 

For  the  analysis  of  this  section,  a  relatively  simple  chamber  structure  will  be  assumed, 
namely  the  effect  of  the  tethers,  the  deformation  of  the  piston,  and  the  deformation  of  the 
bottom  plate  will  be  ignored.  This  means  that  the  effective  compliance  will  be  comprised  of 
the  fluidic  compliance  and  structural  compliance  only  due  to  the  deflection  of  the  top  sup¬ 
port  structure.  These  assumptions  are  done  for  simplification  of  the  analysis  without  loss  of 
generality. 

Fixed  geometric  parameters  in  this  analysis  are:  chamber  height,  Hch  =  200 fi,  length  of 
piezoelectric  element,  Lp  —  1mm,  and  top  support  structure  thickness,  ttop  =  1mm.  For  each 
design  point  considered,  piston  area  and  cross-sectional  area  of  the  piezoelectric  element  satisfy 
the  following  relationship. 


&d  Ap 

Phpr 


(5.11) 


which  represents  the  static  force  balance  between  the  piston  and  the  piezoelectric  element. 
The  areas  of  the  piston  and  the  piezoelectric  element  are  designed  such  that  maximum  stress  on 
the  piezoelectric  element  is  equal  to  the  depolarization  stress,  crd,  for  maximum  power  output. 
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It  is  assumed  that  the  maximum  and  minimum  pressures  attained  in  the  chamber  are  equal 
to  the  high  and  low  pressure  reservoirs  respectively,  where  PLPR  is  assumed  to  be  zero  for 
simplicity. 


Required  operation  frequency  for  a  given  power  requirement 

The  required  frequency  in  order  to  generate  a  certain  amount  of  power,  W,  for  the  case  of  the 
chamber  attached  to  regular  diode  bridge  is  given  by: 

-  4W 

(533  *”  s33 )adApLp  ^  ^ 

where  s 33  and  S33  are  the  closed  circuit  and  open  circuit  compliances  of  the  piezoelectric 
element  respectively.  Figure  5-12  compares  different  piezoelectric  materials  in  terms  of  required 
frequency  for  a  0.5 W  power  requirement  at  different  chamber  diameters  and  reservoir  pressures. 

It  can  be  seen  that,  PZT  —  4 S  and  PZT  —  8  require  lower  frequencies  because  of  their  very 
high  depolarization  stress,  even  though  they  have  smaller  coupling  coefficients  compared  to 
PZT  —  5 H  and  PZN  —  PT.  It  should  be  noted  that,  the  required  frequency  does  not  depend 
on  the  chamber  compliance,  as  can  be  seen  from  equation  5.12. 

It  is  important  to  note  that  there  is  a  trade-off  between  the  maximum  chamber  pressure( Phpr) 
and  the  operation  frequency.  For  lower  chamber  pressures,  higher  operation  frequencies  are 
needed.  In  fact,  for  a  given  piston  diameter  the  required  frequency  is  inversely  proportional  to 
the  reservoir  pressure,  as  can  be  easily  seen  from  equations  5.11  and  5.12.  It  can  be  also  seen 
that,  for  larger  chamber  diameters,  the  required  operation  frequency  is  smaller  since  for  larger 
chamber  diameters,  piezoelectric  elements  having  larger  diameter  are  used  to  satisfy  equation 
5.11,  which  results  in  lower  frequency  requirement  due  to  the  increased  piezoelectric  element 
volume. 


Required  flowrate  for  a  given  power  requirement 

The  required  flowrate  is  given  by  the  following  equation,  which  was  derived  in  Chapter  3: 


p  -  2(sf3  +  533)^/  .  p  p  f 

Q  ~  (4  -  s&)Phpr  +  Ce"PHPRf 


(5.13) 
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Figure  5-13:  Comparison  of  different  piezoelectric  materials  in  terms  of  required  flowrate  at 
different  chamber  diameters  for  a  power  requirement  of  0.5W. 


where  /  is  the  required  operation  frequency  corresponding  to  the  power  requirement  at  the 
particular  chamber  diameter  and  reservoir  pressure,  as  discussed  in  the  previous  subsection. 
Figure  5-13  shows  a  comparison  of  different  piezoelectric  materials  in  terms  of  required  flowrate 
at  different  reservoir  pressures  and  chamber  diameters. 

It  can  be  seen  that  PZN  —  PT  requires  the  least  flowrates  due  to  its  high  coupling  co¬ 
efficient,  which  translates  into  higher  system  efficiencies  as  discussed  in  Chapter  3.  It  can 
be  also  noted  that,  for  larger  chamber  diameters,  higher  flowrates  are  required.  This  can  be 
explained  by  considering  equation  5.13.  There  are  in  fact  two  competing  effects.  For  larger 
chamber  diameters,  lower  frequencies  are  needed,  as  shown  in  Figure  5-12,  which  suggest  lower 
flowrates.  However,  larger  chamber  diameters  result  in  increased  chamber  compliance,  which 
is  the  dominating  factor  resulting  in  higher  flowrates. 

In  this  case,  a  trade-off  exists  between  the  required  flowrate  and  maximum  chamber  pressure, 
namely  for  lower  chamber  pressures,  higher  flowrates  are  required. 


Efficiency 

The  efficiency  of  the  system  is  given  by: 


W 

QPhpr 


(5.14) 


where  the  power  consumption  in  the  active  valves  is  not  considered.  Figure  5-14  shows  a 
comparison  of  different  piezoelectric  elements  in  terms  of  system  efficiency  for  different  reservoir 
pressures  and  chamber  diameters.  It  can  be  seen  that  PZN  —  PT  provides  the  most  efficient 
power  generation  due  to  its  high  coupling  coefficient.  For  larger  chamber  diameters,  the  effi¬ 
ciency  is  lower  due  to  the  fact  that  the  flowrate  is  higher  at  larger  chamber  diameters,  as  shown 
in  Figure  5-13.  It  is  also  important  to  note  that  the  efficiency  decreases  as  the  reservoir  pressure 
increases.  This  can  be  explained  considering  equations  5.11,  5.12  and  5.13.  Combining  these 
equations  we  get: 


q  _  2(sf3  -f  s^3)W  ^ _ 4 CeffW 

(533  ~~  533 )PhPR  {s33  ~  sjftjO'dApisLp 

which  is  the  explicit  form  of  equation  5.13.  Using  equation  5.14  we  get: 


(5.15) 
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Figure  5-14:  Comparison  of  different  piezoelectric  elements  in  terms  of  system  efficiency  for 
different  reservoir  pressures  and  chamber  diameters. 


W  _  /  2(g33  +  533)  .  4Cef/PHPR  \  1 

QPhpr  V(4“4)  (4  -  sg^dApisLp) 


(5.16) 


from  which  it  can  be  easily  seen  that  at  a  certain  chamber  diameter,  the  efficiency  decreases 
with  increasing  reservoir  pressure.  It  is  also  possible  to  observe  that  efficiency  does  not  depend 
on  the  generated  power. 
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Figure  5-15:  Required  operation  frequency  and  flowrate  for  different  power  requirements  at 
different  chamber  diameters  (Phpr  =  2MPa,  piezoelectric  material:  PZN  -  PT  ). 

Effect  of  power  requirement 

As  can  be  seen  from  equations  5.12  and  5.16,  the  required  operation  frequency  and  flowrate 
are  directly  proportional  to  the  generated  power.  Figure  5-15  illustrates  the  effect  of  power 
requirement  on  frequency  and  flowrate  for  the  case  where  Phpr  =  ‘ZMPa  and  piezoelectric 
material:  PZN  —  PT. 

5.1.5  Bias  Pressure 

As  discussed  in  section  5.1.1,  negative  pressure  in  the  chamber  should  be  avoided  due  to  cavita¬ 
tion.  Even  though  the  chamber  is  designed  for  positive  pressure  fluctuations,  cavitation  could 
occur  due  to  unexpected  fluidic  resonances.  Also  the  active  valve  design  imposes  minimum 
pressure  requirements  for  the  low  pressure  reservoir  due  to  cavitation  considerations  inside  the 
hydraulic  amplification  chamber.  For  a  conservative  design,  the  chamber  pressure  can  be  biased 
by  a  certain  amount,  by  keeping  the  pressure  differential  Phpr  —  Plpr  the  same,  aiming  for 
the  same  power  as  would  be  generated  with  Plpr  =  0.  However,  since  the  depolarization  stress 
of  the  piezoelectric  element  cannot  be  exceeded,  the  effective  stress  band  reduces,  even  though 
the  pressure  band  remains  the  same.  For  the  case  where  Plpr  =  0,  the  stress  band,  i.e.  the 
difference  between  the  maximum  and  minimum  stress  on  the  piezoelectric  element  is  equal  to 
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Figure  5-16:  Schematic  illustrating  the  effect  of  bias  pressure. (a)  not  biased  case  (b)  biased  case 
the  depolarization  stress,  given  by: 

Act  =  (^)  APch  =  ad  (5.17) 

However,  for  the  biased  case,  where  Plpr  ^  0,  the  stress  band  is  given  by: 

(A  <T)b=z{^)bAPch<ad  (5-18) 

which  is  smaller  than  the  depolarization  stress  of  the  piezoelectric  material.  Figure  5-16 
illustrates  the  effect  of  bias  pressure.  This  means  that  for  the  same  pressure  differential,  higher 
frequencies  and  flowrates  are  required,  which  can  be  seen  from  the  following  equations  which 
are  derived  for  the  general  case: 


/*  = 


4W 


(s33  s33)(Acr)bApLp 


(5.19) 


or 


_  2(sg  +  sg)W 

Qb  (4-4) APch+CeffAPchfb 


2  (4  +  4)^  .  4 ceffw 

/  i?.  n  \  *  ^  i" 


(5.20) 


(5.21) 


(4  4)A  Pch  (4  —  3  33)  (Acr)  f,  ApiS  Lp 

Figure  5-17  illustrates  the  effect  of  bias  pressure  on  required  frequency,  flowrate  and  effi¬ 
ciency  for  the  case  of  0.5VF  power  requirement,  where  A Pch  =  PHPR  -  PLPR  =  2 MPa,  and 
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Figure  5-17:  Effect  of  bias  pressure  on  required  frequency,  flowrate  and  efficiency. 


piezoelectric  material  is  PZN  -  PT.  It  is  important  to  note  that  the  generated  power  is  pro¬ 
portional  to  the  square  of  stress  band  and  therefore  the  bias  pressure  should  be  kept  as  small 
as  possible.  It  can  be  easily  shown  that,  for  a  given  chamber  diameter,  the  required  frequency 
for  the  biased  case  and  for  the  case  where  Plpr  =  0  are  related  by: 


where  P<,  is  the  bias  pressure.  It  is  assumed  that  in  both  cases  the  pressure  differential  in 
the  chamber  is  the  same.  Equation  5.22  implies  that  if  the  bias  pressure  is  much  smaller  than 
the  pressure  band  in  the  chamber,  its  effect  is  negligible.  However  for  typical  MHT  devices  this 
is  not  the  case  and  the  effect  of  bias  pressure  should  be  considered. 

5.1.6  Scaling  Issues 

One  of  the  many  advantages  of  MEMS  devices  is  their  ability  to  operate  at  very  high  frequencies. 
In  other  words,  they  allow  operation  with  much  larger  bandwidth  due  to  their  high  natural 
frequencies.  For  linear  systems,  the  scaling  law  for  natural  frequency  can  be  obtained  by 
considering  a  very  simple  system  consisting  a  cantilever  beam  and  a  proof  mass  attached  to  the 
tip  of  the  beam.  The  stiffness  corresponding  to  the  tip  deflection  of  the  beam  in  response  to  a 
force  applied  to  the  tip  can  be  obtained  from  beam  theory: 


EWH3 
4  L3 


(5.23) 


where  E  is  the  Youngs  modulus,  and  W,  H,  and  L  are  the  width,  the  height  and  the  length 
of  the  beam  respectively.  The  natural  frequency  of  this  system  can  be  calculated  by: 


(5.24) 

where  m  is  the  mass  of  the  proof  mass.  If  we  define  the  scale  factor,  A,  as  the  ratio  of  the 
new  scaled  dimensions  divided  by  the  nominal,  the  dependence  of  the  stiffness  of  the  beam  and 
the  mass  of  the  proof  mass  on  the  system  scale  are: 


k  ~  A  and  m  ~  A3 


(5.25) 
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where  the  scale  dependence  of  the  stiffness  of  the  beam  is  obtained  from  equation  5-23. 
The  natural  frequency  of  the  system  is  then  related  to  its  size  by: 


(5.26) 


which  can  be  generalized  to  any  linear  structure. 

Similarly  we  can  obtain  the  scaling  laws  for  the  power  generator  considering  the  dependence 
of  the  natural  frequency,  required  operation  frequency  and  compliance  of  the  system  on  system 
scale.  Consider  the  simple  chamber  structure  described  in  Section  4.1,  which  consists  of  a  fluid 
chamber  and  a  compliant  top  support  structure.  Here  we  assume  that  in  the  energy  harvesting 
chamber  the  top  support  structure  is  the  only  compliant  structure,  and  the  piston  is  rigid  and 
perfectly  sealed  to  piston  walls  without  tethers.  The  effective  compliance  for  this  case  was 
derived  in  Section  4.1  as: 


Ceff 


-GH- 


'*D2chHch 

4/3/  1024 Etlp 


(5.27) 


where  is  the  chamber  diameter,  Heh  is  the  chamber  height,  and  ttop  is  the  thickness  of 
the  top  support  structure.  The  dependence  of  the  effective  chamber  compliance  on  the  system 
scale  is  then 


Ceff  ~  A3  (5.28) 

which  suggests  that  as  the  system  gets  smaller,  the  compliance  gets  smaller.  Lets  consider 
a  case  where  Plpr  =  0  and  the  effective  chamber  compliance  is  given  by  equation  5.27.  For  a 
certain  power  requirement,  the  required  operation  frequency  can  be  calculated  as: 


freq  — 


4W 


(5.29) 


Teq  (533  “  S&WAPLP 
where  a  is  the  stress  band  on  the  piezoelectric  element,  which  is  equal  to  the  maximum  stress 
since  Plpr  —  0.  As  discussed  earlier,  in  a  design  procedure,  the  chamber  diameter  and  the 
piezo  diameter  are  chosen  such  that  the  maximum  stress  on  the  piezoelectric  element  is  equal  to 
the  depolarization  stress  of  the  piezoelectric  element.  If  we  assume  that  for  any  design  scenario 
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this  condition  will  be  satisfied,  then  the  dependence  of  the  required  frequency  on  system  scale 
can  be  obtained  as: 


A3 


(5.30) 


which  suggests  that  as  the  system  gets  smaller,  larger  frequencies  are  required  due  to  the 
reduced  piezoelectric  element  volume.  The  required  flowrate  is  given  by: 


Q  _  2(533  +  S33)W  .  si  p  r 


(5.31) 


Prom  equations  5.28  and  5.30  we  can  obtain  the  dependence  of  the  required  flowrate  on  the 
system  scale  as: 


Q  ~  A0  (5.32) 

which  suggests  that  the  required  flowrate  does  not  depend  on  the  system  scale.  In  smaller 
scale,  although  the  system  compliance  reduces,  the  required  frequency  increases  in  the  same 
amount  which  results  in  the  same  required  flowrate.  Since  this  results  were  derived  for  constant 
Phpr  and  required  power,  W ,  the  system  efficiency  does  not  depend  on  the  system  scale  either, 
which  can  be  expressed  as: 


V=P^Q~X°  <533> 

It  should  be  noted  that  this  analysis  relies  on  the  assumption  that  the  active  valves  can 
operate  at  very  high  frequencies  and  the  valves  and  channels  can  provide  the  required  flowrates 
even  when  the  system  gets  very  small. 

Consider  a  design  case  where  the  operation  frequency  is  equal  to  the  maximum  bandwidth  of 
the  device.  If  we  make  the  system  10  times  smaller  and  keep  the  required  power  and  Phpr  the 
same,  we  will  need  1000  times  the  frequency  to  generate  the  same  power  from  the  smaller  device. 
However  we  can  increase  the  operation  frequency  only  10  times  since  the  natural  frequency  is 
inversely  proportional  to  the  system  scale,  which  is  expressed  in  equation  5.26.  This  implies 
that  we  can  extract  only  one  percent  of  the  required  power  from  the  small  device.  However 
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we  can  fit  1000  small  devices  inside  the  original  volume,  which  means  that  we  can  generate 
10  times  the  original  power  from  the  same  volume.  This  suggests  that  the  power  density  is 
inversely  proportional  to  the  system  scale,  which  can  be  expressed  as: 

PD  ~  i  (5.34) 

A 

This  suggests  that,  as  the  system  gets  smaller,  the  power  density  increases.  Again,  it  should 
be  mentioned  that,  this  analysis  assumed  that,  in  the  smaller  scale  the  valves  and  channels 
can  provide  the  required  flowrate  regardless  of  the  system  scale.  However,  it  is  expected  that 
viscous  losses  in  the  valves  will  begin  to  dominate  beyond  a  certain  scale  and  scaling  further 
down  will  not  be  more  efficient.  In  order  to  perform  this  study,  more  detailed  fluid  models  are 
needed.  Nevertheless,  the  above  analysis  provides  a  general  understanding  about  the  scaling  of 
the  system. 

5.2  Design  Procedure 

This  section  will  present  a  design  procedure  for  designing  the  microhydraulic  piezoelectric  power 
generator.  First,  the  design  decisions  made  considering  the  issues  discussed  in  previous  sections 
as  well  as  those  imposed  by  the  active  valve  design  and  fabrication  process  will  be  presented. 
Then,  the  design  procedure  will  be  described  and  two  design  examples  will  be  presented  along 
with  simulation  results. 

5.2.1  Preliminary  design  decisions 

As  discussed  in  Chapter  3,  the  working  fluid  is  chosen  to  be  silicone  oil  due  to  its  low  viscosity 
and  low  density.  It  also  has  a  comparable  bulk  modulus  to  that  of  water.  Choice  of  piezoelectric 
element  is  done  considering  the  results  in  sections  5.1.4,  5.1.4,  and  5.1.4.  From  Figure  5-12  it 
can  be  seen  that  the  piezoelectric  material  PZT  -  5 H  has  very  high  frequency  requirements, 
PZT  —  45,  PZT  —  8  have  lower  and  very  similar  frequency  requirements,  and  PZN  —  PT 
has  comparable  frequency  requirements  to  those  of  PZT  —  45  and  PZT  —  8.  If  we  examine 
Figures  5-13  and  5-14,  we  can  see  that  PZN  —  PT  requires  much  lower  flowrates  and  provides 
much  efficient  power  generation  compared  to  other  piezoelectric  materials.  In  Chapter  2  it  was 
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concluded  that  PZN  —  PT  has  the  smallest  energy  density  among  the  piezoelectric  elements 
considered,  which  is  a  result  of  its  low  depolarization  stress.  However  due  to  its  very  high 
coupling  coefficient  it  provides  very  efficient  electromechanical  energy  conversion  and  requires 
the  lowest  flowrate  for  a  given  power  requirement.  It  should  be  noted  that,  the  implication  of 
the  low  energy  density  of  PZN  —  PT  is  that,  larger  piezoelectric  material  volume  is  needed 
compared  to  other  piezoelectric  materials  for  the  same  power  output.  However,  the  weight 
of  the  piezoelectric  element  constitutes  only  a  small  fraction  of  the  overall  system  weight  and 
the  increased  efficiency  of  PZN  —  PT  due  to  its  much  higher  coupling  coefficient  would  still 
overwhelm  the  effect  of  increased  weight  in  terms  of  the  overall  system  power  density.  The 
chamber  height  is  chosen  to  be  200/xm.  A  preliminary  study  has  shown  that  chamber  heights 
smaller  than  this  could  cause  squeeze  film  damping  effect  inside  the  chamber  and  can  result  in 
undesired  losses.  And,  larger  chamber  heights  would  increase  the  chamber  compliance,  which 
would  decrease  the  efficiency  of  the  system.  The  length  of  the  piezoelectric  element  is  chosen  to 
be  1mm.  This  parameter  is  basically  determined  considering  the  actuation  in  the  active  valves, 
since  all  the  piezoelectric  cylinders  within  the  system,  namely  the  ones  in  the  active  valves  and 
the  one  in  the  energy  harvesting  chamber,  have  the  same  length  because  of  the  layered  structure 
of  the  device,  which  was  explained  in  Chapter  1.  Larger  lengths  would  decrease  the  stiffness  of 
the  piezoelectric  elements  inside  the  active  valves,  which  reduces  the  actuation  capability,  and 
smaller  lengths  could  cause  dielectric  breakdown. 


5.2.2  Parameters  imposed  by  active  valve  design 

The  basic  limitation  of  the  active  valves  is  their  bandwidth.  Current  active  valve  designs 
predict  bandwidths  in  the  order  of  10  -  20 kHz.  Typical  trade-offs  in  the  active  valve  design 
are  stroke,  bandwidth  and  force,  which  are  detailed  in  [5].  Another  important  limitation  is  the 
pressures  that  the  active  valves  can  work  against,  which  basically  imposes  the  maximum  high 
reservoir  pressure  possible.  They  can  typically  work  against  pressures  of  2  -  3 MPa.  Also  the 
active  valves  impose  a  minimum  pressure  requirement  due  to  cavitation  considerations  in  the 
hydraulic  amplification  chamber(HAC)  within  the  active  valve  structure.  In  the  design  example 
presented,  the  low  pressure  reservoir  pressure,  Prpr  is  chosen  as  0.5 MPa. 
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5.2.3  Parameters  imposed  by  fabrication  process 

As  briefly  described  in  Chapter  1,  the  device  consists  of  silicon  and  pyrex  micromachined 
layers.  The  thickness  of  the  layers  basically  dictate  the  thicknesses  of  individual  components. 
For  example,  a  double  layer  piston  structure,  which  consist  of  two  silicon  layers  bonded  to  each 
other,  will  have  a  thickness  of  tpiS  =  800/xm,  which  is  the  case  in  the  design  example.  Since  the 
tethers  are  created  through  deep  reactive  ion  etching(DRIE)  of  a  SOI  wafer,  the  tether  thickness 
is  defined  by  the  SOI  layer.  Also,  the  fillet  radius  control  during  the  fabrication  process  imposes 
some  limitations  on  the  tether  width.  For  example  narrow  tethers  would  be  very  stiff  due  to  the 
relatively  large  fillet  radius  and  the  predictions  of  the  linear  theory  used  for  the  optimization 
would  not  valid  beyond  a  certain  tether  width.  The  top  tether  thickness,  ttetop ,  is  chosen  to 
be  10 pm,  whereas  the  bottom  tether  thickness  is  chosen  to  be  thinner,  namely,  5/xm,  because 
the  bottom  tether  does  not  have  any  functionality  and  therefore  it  should  be  kept  as  thin  as 
possible  so  that  it  won’t  cause  significant  resistance  to  piston  motion.  The  thicknesses  of  the 
top  and  bottom  support  structures  are  determined  by  the  number  of  layers  used,  including  the 
packaging  layers  on  top  and  bottom  portions  of  the  device.  As  discussed  in  Chapter  3,  the 
compliance  of  the  system  is  very  important  in  terms  of  system  performance  and  they  should  be 
kept  as  small  as  possible.  Therefore  it  is  desirable  to  have  very  thick  top  and  bottom  support 
structures.  The  effective  thickness  would  also  depend  on  the  structure  of  the  auxiliary  system 
in  which  the  device  is  packaged.  In  the  design  examples,  the  top  and  bottom  structures  are 
assumed  to  have  the  same  thicknesses,  namely  ttop  =  tbot  =  2.5mm,  and  they  are  assumed  to 
comprise  of  all  silicon  layers. 

5.2.4  Design  Procedure 

Figure  5-18  presents  a  design  procedure,  which  will  be  followed  after  the  initial  design  decisions 
are  made  using  above  considerations.  The  first  part  consists  of  analytical  design  calculations. 
The  pressure  band  in  the  chamber  is  dictated  by  the  bias  pressure,  Pb ,  and  high  pressure  reser¬ 
voir  pressure,  Phpr •  The  piston  diameter  and  piezo  diameter  are  calculated  using  equations 
5.11  and  5.19,  and  the  battery  voltage  is  calculated  using  equation  5.6. 

These  calculations  are  followed  by  the  tether  structure  optimization,  which  determines  the 
optimum  tether  width,  wt,  for  the  given  tether  thicknesses  and  piston  diameter.  The  designed 
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Figure  5-18:  Design  procedure. 
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tether  width  also  determines  the  chamber  diameter,  Dch.  The  geometric  parameters  along  with 
the  operation  conditions  are  then  fed  to  the  system  level  simulation.  The  simulation  architecture 
is  shown  5-19  and  the  Simulink  block  diagrams  are  given  in  Appendix  A. 

First,  simulations  are  performed  to  determine  the  optimum  length  to  area  ratio  of  the  fluid 
channels,  using  arbitrary  valve  resistance,  i.e.  arbitrary  valve  cap  size  or  valve  openings.  It 
is  helpful  to  run  these  simulations  with  very  small  valve  resistance,  namely  with  very  large 
valve  opening  or  very  large  valve  cap,  since  the  fluidic  oscillations  are  much  more  pronounced 
with  lower  valve  resistances  and  it  is  easier  to  determine  the  optimum  length  to  area  ratio  of 
the  channels.  Then,  the  valve  cap  size  and  valve  opening  are  designed  such  that  the  chamber 
pressure  fluctuates  between  reservoir  pressures,  namely  between  Phpr  and  Plpr •  At  this  stage, 
it  is  important  to  consider  structural  limitations,  which  might  be  imposed  by  the  active  valves. 
For  example,  a  large  valve  cap  size  requires  a  large  membrane  to  allow  sufficient  valve  motion, 
however  this  may  cause  excessive  stresses  in  the  membrane.  Or,  a  very  large  valve  opening  can 
cause  the  same  problem.  Since  the  same  effective  valve  resistance  can  be  achieved  with  different 
combinations  of  valve  opening  and  valve  cap  size,  coupled  iterations  may  be  necessary  with  the 
active  valve  design  procedure,  which  is  not  within  the  scope  of  this  thesis.  Detailed  information 
about  the  active  valve  design  procedure  can  be  found  in  [5]. 

Finally,  the  system  is  simulated,  stresses  in  the  tethers  and  on  the  piezoelectric  element  are 
checked,  and  design  iterations  are  performed  if  necessary.  Although  the  valves  are  designed  to 
achieve  the  desired  pressure  band  in  the  chamber,  the  stress  band  may  be  a  little  bit  different 
than  expected.  This  can  be  explained  by  considering  equation  5.11.  This  equation  assumes 
static  force  balance  between  the  piezoelectric  cylinder  and  the  piston.  Also,  the  effect  of  the 
tether  is  neglected  since  the  force  exerted  by  the  tethers  on  the  piston  is  generally  very  small 
compared  to  the  force  exerted  by  the  piezo  and  force  due  to  chamber  pressure.  As  will  be  seen 
in  the  design  examples,  the  dynamics  of  the  piston  does  not  have  a  significant  effect  on  system 
performance  and  it  is  reasonable  to  assume  quasi-static  force  balance.  However,  if  the  operation 
frequency  is  much  higher,  the  dynamics  of  the  piston  will  be  important  and  equation  5.11  will 
not  be  valid.  The  design  procedure  presented  above  is  followed  by  the  layout  and  mask  design 
for  the  fabrication. 

For  the  piston  dynamics,  a  damping  ratio  of  5%  is  assumed,  considering  the  piezoelectric 
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System  layo 
xe  overall  sys 


Design  Decisions 

Piezoelectric  material 

PZN-PT 

lowest  flowrate  requirement 

Working  fluid 

silicone  oil 

low  viscosity  and  density 

Piezoelectric  element  length,  Lp 

1mm 

active  valve  actuation 

Chamber  height,  Hch 

200 fim 

squeeze  film  damping 

Parameters  imposed  by  fabrication  process 

Piston  thickness,  tpis 

800 fim 

double  layer  piston 

Top  and  bottom  support  structure  thickness 

2.5  mm 

packaging  layers 

Top  tether  thickness,  ttetop 

fabrication  feasibility 

Bottom  tether  thickness,  ttebot 

EE2HWI 

fabrication  feasibility 

Material  Limitations 

Depolarization  stress  of  piezoelectric  element,  ad 

10  MPa 

shouldn’t  be  exceeded 

Maximum  allowable  stress  in  tethers 

1  GPa 

shouldn’t  be  exceeded 

Damping 

Damping  ratio  of  piston 

5% 

assumed 

Table  5.1:  Summary  of  preliminary  design  decisions  applied  to  the  design  examples. 


element  as  the  effective  spring.  Namely  the  damping  coefficient  is  calculated  as: 


c  —  2£ \J TYipiS  kp  —  2£ 


where  £  is  the  damping  ratio  and  S33  is  the  open  circuit 
electric  element. 


Sl  (5-35) 

sSS-L,P 

compliance  compliance  of  the  piezo- 


5,3  Design  Examples 

This  section  will  present  two  design  examples  who  have  different  operational  requirements  due 
to  the  limitations  imposed  by  the  active  valves.  The  preliminary  design  decisions,  parameters 
imposed  by  fabrication  process  and  material  limitations,  which  are  valid  for  both  examples  are 
summarized  in  Table  5.1. 

5.3,1  Design  Example  1 

The  parameters  imposed  by  the  active  valves,  the  design  parameters  obtained  by  applying  the 
design  procedure  discussed  in  the  previous  section,  and  performance  parameters  are  summarized 
in  Table  5.2.  Simulation  results  are  shown  in  Figure  5-21,  Figure  5-22  and  Figure  5-23.  The 
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Figure  5-20:  Tether  structure  design.  Piston  deflection  shown  for  different  tether  widths. 

tether  structure  optimization  is  shown  in  Figure  5-20  where  the  piston  deflection  is  plotted  as 
a  function  of  the  tether  width  for  an  added  fluid  volume  of  A  V/  =  10~10m3. 

Figure  5-22  shows  simulation  results  for  the  deflections  and  swept  volumes  of  individual 
structural  components.  It  can  be  seen  that,  as  expected,  the  deflection  of  the  bottom  sup¬ 
port  structure  is  much  smaller  than  the  piston  deflection,  which  is  desirable  for  maximum 
piezoelectric  element  compression.  Also,  it  can  be  seen  that  the  volume  swept  due  to  tether 
bending,  piston  deformation  and  top  support  structure  deformation  is  much  smaller  than  the 
volume  swept  by  the  piston  motion,  which  is  again  desirable  for  maximum  piezoelectric  element 
compression. 

5.3.2  Design  Example  2 

The  parameters  imposed  by  the  active  valves,  design  parameters  and  performance  parameters 
are  summarized  in  Table  5.3.  In  this  example,  the  performance  of  the  active  valves  are  very 
limited,  which  results  in  very  small  power  output  compared  to  the  first  example.  Simulation 
results  are  shown  in  Figure  5-24,  Figure  5-25  and  Figure  5-26.  The  observations  done  for  the 
deflections  and  swept  volumes  of  the  individual  structural  members  in  the  first  design  example 
are  also  valid  for  this  example.  Namely,  the  deflection  of  the  bottom  support  structure  is 
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Power  Requirement 

0.251V  Electrical  power  output 

Parameters  imposed  by  active  valve  design 

Operation  frequency,  / 

20  kHz 

bandwidth  of  active  valves 

Bias  Pressure,  P& 

0.5  MPa 

cavitation  in  HAC  chamber 

High  Pressure  Reservoir  Pressure,  Phpr 

ZMPa 

membrane  stress  limitation 

Important  parameters  resulting  from  operation  conditions 

Pressure  band  in  the  chamber,  A Pch 

2.5  MPa 

-  ' 

Stress  band  on  piezoelectric  element,  Act 

8.33  MPa 

- 

Designed  parameters 

Piston  Diameter,  DpiS 

6.95  mm 

- 

Piezoelectric  cylinder  diameter,  Dp 

3.8  mm 

- 

Battery  voltage,  14 

74.9V 

- 

Tether  width,  wt 

125  fim 

optimization 

Chamber  diameter,  Dch 

- 

Fluid  channel  length  to  area  ratio, 

same  for  inlet  and  outlet 

Valve  cap  radius,  E^c 

400 (im 

same  for  inlet  and  outlet 

Valve  opening,  voin)  voout 

24  fim 

same  for  inlet  and  outlet 

Performance  parameters 

Net  flowrate,  Qnet  \ 

0.52ml/s 

- 

Hydraulic  power  input 

1.3  w 

( Phpr  -  PLPR)Qnet 

Efficiency,  77 

19.2% 

fgg  a  *  r*;"  ■  35Sa  E  B5S 
—  =  U:  m  i  Ui 

Table  5.2:  Summary  of  design  and  performance  parameters  of  design  example  1. 
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(a)Ttop  support  structure  deflection(x^) 


(c)  Tether  Deflection(r^ 


(e)  Top  tether  forceCF*^) 


(b)  Bottom  support  structure  dcflectioo(xi) 


(d)  Force  on  piezoelectric  element(Fp 
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(e)  Bottom  tether  force(Ftefop) 


Time  [lO^i] 


Figure  5-22:  Simulation  time  histories  of  the  design  example  1. 
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Figure  5-23:  Simulation  time  histories  of  the  design  example  1. 
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Power  Requirement 

0.01W 

Electrical  power  output 

Parameters  imposed  by  active  valve  design 

Operation  frequency,  / 

5  kHz 

bandwidth  of  active  valves 

Bias  Pressure,  Pb 

0.5  MPa 

cavitation  in  HAC  chamber 

High  Pressure  Reservoir  Pressure,  Phpr 

l.SMPa 

membrane  stress  limitation 

Important  parameters  resulting  from  operation  conditions 

Pressure  band  in  the  chamber,  A Pch 

1  MPa 

- 

Stress  band  on  piezoelectric  element,  A  a 

6.67MPa 

- 

|  Designed  parameters 

Piston  Diameter,  Dpis 

4.89mm 

- 

Piezoelectric  cylinder  diameter,  Dp 

1.89mm 

- 

Battery  voltage,  Vb 

59.9V 

- 

Tether  width,  wt 

125^771 

optimization 

Chamber  diameter, 

5.19mm 

- 

same  for  inlet  and  outlet 

same  for  inlet  and  outlet 

Valve  opening,  voin ,  vo^t 

9.3  fim 

same  for  inlet  and  outlet 

Performance  parameters 

Net  flowrate,  Qnet 

0.042 ml/s 

- 

Hydraulic  power  input 

0.0421V 

(Phpr  -  PLPR.)Qnet 

Efficiency,  7] 

23.8% 

Electrical  power  output 
Hydraulic  power  input 

Table  5.3:  Summary  of  design  and  performance  parameters  of  design  example  2. 


much  smaller  than  the  piston  deflection,  which  is  desirable  for  maximum  piezoelectric  element 
compression  and  the  volume  swept  due  to  tether  bending,  piston  deformation  and  top  support 
structure  deformation  is  much  smaller  than  the  volume  swept  by  the  piston  motion,  which  is 
again  desirable  for  maximum  piezoelectric  element  compression. 

As  discussed  in  the  previous  chapters,  the  generated  power  is  a  strong  function  of  the  stress 
band  on  the  piezoelectric  element  and  the  operation  frequency.  As  the  maximum  operating 
frequency  reduces  due  to  active  valve  design  limitations,  much  larger  piezoelectric  elements 
and  chamber  structures  are  needed  to  generate  the  same  amount  of  power.  In  the  second 
design  example,  in  order  to  generate  the  same  power  as  in  design  example  1,  huge  chamber 
diameters,  larger  than  20mm,  is  needed,  which  is  not  feasible  due  to  the  increased  compliance 
and  size  constraints.  As  discussed  earlier  in  Section  5.1.6,  it  is  feasible  to  make  smaller  and 
multiple  devices  which  would  fit  in  the  original  volume.  In  section  5.1.6  it  was  concluded  that 
the  efficiency  does  not  depend  on  system  scale.  As  can  be  seen  from  Tables  5.2  and  5.3  the 
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Figure  5-24:  Simulation  time  histories  of  the  design  example  2. 


[OPt]  [10-0  m3]  [10-1J  ms] 


Figure  5-26:  Simulation  time  histories  of  the  design  example  2. 
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second  device,  which  is  smaller  than  the  first  one,  has  higher  efficiency.  This  is  due  to  the  fact 
that  in  the  example,  only  the  chamber  diameter  and  piezo  diameter  are  smaller.  The  length 
of  the  piezoelectric  element,  chamber  height  and  structural  thicknesses  are  kept  constant.  This 
resulted  in  a  stiffer  chamber  compared  to  the  case  where  all  the  dimensions  were  reduced.  The 
explicit  relationships  and  effect  of  geometric  parameters  on  system  scale  can  be  seem  in  equation 
5.27,  which  represents  a  simpler  case  than  the  actual  chamber. 

5.4  Summary 

This  chapter  presented  further  design  considerations  and  a  design  procedure  along  with  two  de¬ 
sign  examples.  Fluidic  oscillations  within  the  system  and  conditions  for  sufficient  chamber  filling 
and  evacuation  is  analyzed.  An  optimization  procedure  for  the  tether  structure  is  presented. 
Trade-offs  between  operation  conditions  and  their  effect  on  the  performance  is  discussed.  Effect 
of  system  scale  on  the  performance  is  discussed.  Effect  of  the  fabrication  process  and  the  active 
valves  on  the  design  is  discussed. 
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Chapter  6 


Conclusions  and  Recommendations 
for  Future  Work 

6.1  Summary 

The  objectives  of  this  thesis  were: 

-  To  develop  a  comprehensive  system  level  model  and  simulation  tool  to  analyze  the  main 
chamber  and  the  associated  fluid  channels  and  valves  of  piezoelectric  microhydraulic  power 
generation  devices 

-  To  gain  insight  into  system  operation  and  understand  the  factors  affecting  the  system 
performance 

-  Develop  a  design  procedure,  which  should  be  complemented  by  the  design  of  the  active 
valves. 

Chapter  1  presented  the  configuration,  operation  and  motivation  of  microhydraulic-piezoelectric 
power  generators.  Primary  challenges  and  preliminary  design  considerations  is  discussed. 

Chapter  2  presented  an  analysis  of  piezoelectric  power  generation  based  on  linear  electrome¬ 
chanical  energy  conversion.  Effect  of  circuitry  and  piezoelectric  material  on  energy  density  and 
effective  coupling  factor  is  discussed.  Models  for  two  different  circuit  topologies  are  developed, 
simulations  are  performed  and  analytical  expressions  are  derived  for  the  generated  power  and 
effective  coupling  factor.  Different  piezoelectric  materials  are  compared  in  terms  of  their  en¬ 
ergy  densities  and  energy  conversion  efficiencies  for  different  circuitry.  It  has  been  concluded 
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that,  although  the  single  crystal  piezoelectric  material (PZN-PT)  has  very  high  effective  cou¬ 
pling  factor,  it  has  a  very  low  energy  density  compared  to  PZT-8  or  PZT-4S  because  of  its 
small  depolarization  stress.  Another  important  conclusion  of  this  chapter  is  that,  for  a  piezo¬ 
electric  element,  the  energy  density  obtained  with  the  diode  bridge  and  voltage  detector  circuit 
is  four  times  bigger  than  the  energy  density  obtained  with  only  the  diode  bridge.  The  effective 
coupling  factor  is  a  function  of  the  coupling  coefficient  and  the  circuitry,  whereas  the  energy 
density  is  a  function  of  coupling  coefficient,  circuitry  and  the  depolarization  stress.  Indeed,  the 
effective  coupling  factor  becomes  an  important  criteria  if  the  piezoelectric  element  is  considered 
along  with  its  surrounding  system,  for  example  the  infrastructure  which  provides  the  force  on 
the  element,  which  is  the  energy  harvesting  chamber  in  the  microhydraulic  power  generation 
device.  It  should  be  remembered  that  in  the  analysis  presented  in  this  chapter  a  prescribed 
force  is  imposed  on  the  piezoelectric  element.  This  issue  is  addressed  in  Chapter  3. 

Chapter  3  presented  a  simple  model  of  the  energy  harvesting  chamber,  simulations  with  the 
coupled  circuitry  and  preliminary  design  considerations.  The  interaction  of  the  energy  harvest¬ 
ing  chamber  and  the  circuitry  is  discussed.  The  two  circuits  presented  in  Chapter  2  and  different 
piezoelectric  materials  are  compared  in  terms  of  the  flowrate  and  frequency  requirements  for  a 
given  pressure  differential  and  power  requirement,  and  in  terms  of  system  efficiency.  Analytical 
expressions  are  derived  for  the  generated  power,  required  flowrate,  effective  coupling  factor  and 
system  efficiency.  The  most  important  conclusion  of  this  chapter  is  that  the  performance  of  the 
energy  harvesting  chamber  depends  on 

-  Circuit  topology 

-  Piezoelectric  material(fc33,  crd) 

-  Chamber  compliance^//). 

It  is  also  concluded  that,  as  /C33  approaches  1  and  Ce/f  approaches  0,  the  system  efficiency 
for  the  two  circuits  analyzed  approaches  50%.  This  means  that,  even  with  a  perfect  piezoelectric 
material(fc33  =  1)  and  zero  effective  chamber  compliance,  which  are  not  possible,  the  system 
efficiency  cannot  exceed  50%.  It  should  be  emphasized  that  the  efficiency  definition  throughout 
the  thesis  corresponds  only  to  the  energy  harvesting  chamber.  The  electrical  power  consumption 
in  the  active  valves  is  not  considered. 

Chapter  4  presented  detailed  modelling  of  the  energy  harvesting  chamber.  In  Chapter  3, 
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an  effective  chamber  compliance  (Ce//)  was  assumed  to  be  used  in  the  simulation  and  in  the 
following  analysis.  This  chapter  investigated  the  contribution  of  different  structural  components 
on  the  effective  compliance  of  the  chamber.  Deformations  of  individual  structural  members  are 
calculated  using  linear  plate  theory.  It  is  assumed  that  the  deflections  due  to  bending  are 
significantly  larger  than  that  due  to  shearing.  A  simulation  architecture  is  presented  to  be 
included  in  overall  system  level  simulation,  which  allows  for  inclusion  of  the  elastic  equations 
into  dynamic  simulation  as  well  as  monitoring  important  parameters. 


Chapter  5  presented  further  design  considerations  in  addition  to  the  design  issues  discussed 
in  Chapter3.  These  were  fluidic  oscillations  within  the  system,  chamber  filling  and  evacuation, 
tether  structure  optimization,  effect  of  operation  conditions  on  system  performance  and  trade¬ 
offs,  and  scaling  issues.  The  system  is  analyzed  only  for  the  case  where  the  chamber  is  attached 
to  the  regular  bridge.  A  design  procedure  along  with  two  design  examples  is  presented.  The 
design  decisions  made  considering  the  issues  discussed  in  previous  chapters  as  well  as  those 
imposed  by  the  active  valve  design  and  fabrication  process  is  discussed.  Simulation  results 
are  shown.  In  Chapter  2  it  was  concluded  that  PZN  -  PT  has  the  smallest  energy  density 
among  the  piezoelectric  elements  considered,  which  is  a  result  of  its  low  depolarization  stress. 
However  due  to  its  very  high  coupling  coefficient  it  provides  very  efficient  electromechanical 
energy  conversion  and  requires  lowest  flowrate  for  a  given  power  requirement.  It  should  be 
noted  that,  the  implication  of  the  low  energy  density  of  PZN  -  PT  is  that,  larger  piezoelectric 
material  volume  is  needed  compared  to  other  piezoelectric  materials  for  the  same  power  output. 
However,  the  weight  of  the  piezoelectric  element  constitutes  only  a  small  fraction  of  the  overall 
system  weight  and  the  increased  efficiency  of  PZN  —  PT  due  to  its  much  higher  coupling 
coefficient  would  still  overwhelm  the  effect  of  increased  weight  in  terms  of  the  overall  system 
power  density. 


This  thesis  developed  a  framework  to  analyze  piezoelectric  microhydraulic  power  generators. 
Insight  into  system  operation  is  gained  and  important  factors  affecting  system  performance  are 
analyzed. 
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6.2  Recommendations  for  Future  Work 


Recommendations  for  future  work  in  terms  of  modeling  and  design  can  be  summarized  in  the 
following  subgroups: 

Piezoelectric  Element 

The  analysis  presented  in  this  thesis  is  based  on  linear  electromechanical  energy  conversion. 
More  detailed  analysis  including  nonlinear  effects  is  required  to  obtain  better  predictions  for 
system  performance.  Also,  piezoelectric  element  coefficients  only  in  3-3  direction  is  used  since 
the  piezoelectric  element  is  subjected  to  compression  parallel  to  the  polarization  of  the  element 
and  assuming  that  the  element  is  free  to  expand  in  lateral  directions,  so  that  T3  is  the  only 
nonzero  stress  component.  However,  this  is  not  the  case  since  the  piezoelectric  cylinder  is 
bonded  to  the  piston  and  bottom  support  structure.  Finite  element  analysis  is  required  to 
calculate  the  effective  coefficients  in  3-3  direction,  namely  effective  d33,  sg  and  sg. 

Fluid  Structure  Interaction 

The  system  is  analyzed  for  relatively  low  frequencies  where  the  fluid  channels  were  the  only 
components  whose  dynamic  behavior  was  important  for  system  performance.  At  higher  fre¬ 
quencies,  the  modal  behavior  of  the  piezoelectric  element  and  the  piston  structure  along  with 
the  fluid  contained  in  the  chamber  might  be  important  (added  mass  effect  of  the  fluid).  De¬ 
tailed  finite  element  models  are  needed  to  investigate  the  fluid  structure  interaction  within  the 
chamber. 

Fluid  model 

In  this  thesis,  a  simple  fluid  model  based  on  discharge  coefficients  taken  from  published  data  is 
used.  These  models  do  not  provide  accurate  estimation  of  the  power  consumption  in  the  valves 
since  it  is  not  possible  to  predict  the  force  exerted  on  the  valve  cap  and  valve  membrane  by  the 
flow.  Detailed  CFD  analysis  can  provide  more  insight  into  the  fluid  flow  in  the  valve.  This  is 
very  important  because  of  the  complicated  geometry  of  the  valves. 
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Squeeze  film  damping 

Squeeze  film  damping  is  a  common  problem  in  MEMS  devices.  Although  not  presented  in  this 
thesis,  a  preliminary  analysis  has  shown  that,  for  the  chamber  height  used  in  the  design,  squeeze 
film  effects  are  not  important.  However,  for  smaller  devices,  squeeze  film  damping  can  effect 
system  performance  significantly.  Detailed  analytical  models  and/or  finite  element  studies  are 
required  to  investigate  this  effect. 

Scaling  Study 

As  the  system  size  gets  smaller,  the  power  density  increases,  however,  only  until  a  certain  scale. 
Beyond  that  scale,  it  is  expected  that  viscous  losses  in  the  valves  will  begin  to  dominate  and 
scaling  further  down  will  not  be  more  efficient.  In  order  to  perform  this  study,  more  detailed 
fluid  models  are  needed  as  mentioned  earlier. 

System  level  analysis 

This  thesis  concentrated  on  the  main  chamber,  also  called  the  energy  harvesting  chamber,  of  the 
piezoelectric  microhydraulic  power  generators.  System  level  simulations,  including  full  active 
valve  structure,  should  be  performed  to  obtained  better  predictions  about  system  performance 
and  efficiency.  However,  it  should  be  emphasized  that,  these  simulations  would  provide  realistic 
predictions  provided  that  good  fluid  models  exist,  as  discussed  above. 


163 


164 


Bibliography 


[1]  N.W  Hagood,  D.C.  Roberts,  L.  Saggere,  K.S.  Breuer,  K.S.Chen,  J.A.  Carretero,  H.  Li, 
R.  Mlcak,  S.  Pulitzer,  M.  A.  Schmidt,  S.  M.  Spearing,  Y.H.Su.  "Micro  Hydraulic  Trans¬ 
ducer  Technology  for  Actuation  and  Power  Generation”.  Proceedings  of  the  SPIE  Annual 
International  Symposium  on  Smart  Structures  and  Materials ,  7:680-688,  2000. 

[2]  Seward  Webb  Pulitzer  III,  "Feasibility  Assesment  and  Design  of  Micro  Hydraulic  Solid- 
State  Transducers”.  SM  Thesis ,  Masssachusetts  Institute  of  Technology ,  2001. 

[3]  H.Q.  Li,  D.C.  Roberts,  J.L.  Steyn,  K.T.  Turner,  J.  A.  Carretero,  O.  Yaglioglu,  Y.H. 
SU,  L.  Saggere,  N.W.  Hagood,  S.M.  Spearing,  M.A.  Schmidt,  R.  Mlcak,  K.S.  Breuer.  "A 
High  Frequency  High  Flow  Rate  Piezo  electrically  Driven  MEMS  Micropump”.  Solid-State 
Sensor  and  Actuator  Workshop ,  pp.  69-72,  2000. 

[4]  J.  A.  Carretero.  "Measurement  and  Modeling  of  the  Flow  Characteristics  of  Micro  Disc 
Valves”.  SM  Thesis,  Masssachusetts  Institute  of  Technology,  2001. 

[5]  D.  C  Roberts,  O.  Yaglioglu,  J.  Carretero,  Y.H  Su,  L.  Saggere,  N.W.  Hagood.  "  Modeling, 
Design,  and  Simulation  of  a  Piezoelectrically  Driven  Microvalve  for  High  Pressure,  High 
Frequency  Applications,  SPIE  Proceedings,  4327:366-380,  2001 

[6]  D.  C.  Roberts.  "Design,  Modeling,  Fabrication,  and  Testing  of  a  Piezoelectric  Microvalve 
for  High  Pressure,  High  Frequency  Hydraulic  Applications".  PhD  Thesis,  Masssachusetts 
Institute  of  Technology ,  2002. 


165 


[7]  K.  Turner,  ”  An  Evaluation  of  Critical  Issues  for  Microhydraulic  Transducers:  Silicon  Wafer 
Bonding,  Strength  of  Silicon  on  Insulator  Membranes  and  Gold-Tin  Solder  Bonding”  ,  SM 
Thesis,  Massachusetts  Institute  of  Technology,  2001. 

[8]  D. A.  Berlincourt.  ’’Piezoelectric  and  Ferroelectric  Energy  Conversion”  .IEEE  Transactions 
on  Sonics  and  Ultrasonics,  S- 15(2)  :89-97, 1968. 

[9]  M.  Umeda,  K.Nakamura,  S.  Ueha.  ”  Analysis  of  the  Transformation  of  Mechanical  Impact 
Energy  to  Electric  Energy  Using  Piezoelctric  Vibrator”.  Jpn.  Journal  of  Applied  Physics, 
35:3267-3273,  1996. 

[10]  M.  Umeda,  K.Nakamura,  S.  Ueha.  ’’Energy  Storage  Characteristics  of  a  Piezo-Generator 
using  Impact  Induced  Vibration  ".Jpn.  Journal  of  Applied  Physics,  36:3146-3151,  1997. 

[^1  Xu,  M.  Akiyama,  K.  Nonaka,  T.  AVatanabe.  ”  Electrical  Power  Generation  Charac¬ 
teristics  of  PZT  Piezoelectric  Ceramics”.  IEEE  Transactions  on  Ultrasonics,  Ferroelectrics, 
and  Frequency  Control,  45(4):1065-1070,  1998. 

[12]  M.  Goldfarb,  L.  D.  Jones  ”On  the  Efficiency  of  Electric  Power  Generation  With  Piezoelec¬ 
tric  Ceramic”.  Journal  of  Dynamic  Systems,  Measurement,  and  Control,  Transactions  of 
ASME,  121:566-571,  1999 

[13]  P.  G.  Jones,  S.  P.  Beeby,  E.  P.  James,  N.  M.  White.”  The  Modelling  of  a  Piezoelectric 
Vibration  Powered  Generator  for  Microsystems.  In  Transducers  ’01,  2001 

[14]  D.  J.  Warkentin,  N.  W.  Hagood.  ’’Nonlinear  Piezoelectric  Shunting  for  Structural  Damp¬ 
ing”.  Proceedings  of  SPIE,  3041:747-757,  1997. 

[15]  N.  W.  Hagood,  A.  von  Flotow.  ”  Damping  of  Structural  Vibrations  with  Piezolectric  Ma¬ 
terials  and  Passive  Electrical  Networks”.  Journal  of  Sound  and  Vibration,  146(2):243-268, 
1991. 

[16]  N.  W.  Hagood,  W.  H.  Chung,  A.  von  Flotow.  ”  Modelling  of  Piezoelectric  Actuator  Dynam¬ 
ics  for  Active  Structural  Control”.  Journal  of  Intelligent  Material  Systems  and  Structures, 
l(3):327-354,  1990. 


166 


[17]  W.  P.  Mason.  ”An  Electromechanical  Representation  of  a  Piezoelectric  Crystal  Used  as  a 
Transducer”.  Proceedings  of  the  Institute  of  Radio  Engineers ,  23(10)  :1252-1263,  1935. 

[18]  IEEE  Std  176-1987  IEEE  Standard  on  Piezoelectricity,  The  Institute  of  Electrical  and 
Electronics  Engineers.  1987 

[19]  Ching-Yu  Lin.  ’’Material  Characterization  and  Modeling  for  Piezoelectric  Actuation  and 
Power  Generation  under  High  Electromechanical  Loading”.  PhD  Thesis ,  Massachusetts 
Institute  of  Technology ,  2002 

[20]  J.  M.  Hall,  W.  E.  Dillon,  W.  C.  Nunnally.  ’’Thermo- Acoustic-Piezoelectric  Power  Gen¬ 
eration”.  Procedings  of  the  26th  Intersociety  Energy  Conversion  Engineering  Conference- 
IECEC’91,  2001. 

[21]  V.  H.  Schmidt.  ’’Piezoelectric  Energy  Conversion  in  Windmills”.  Proceedings  of  IEEE: 
Ultrasonic  Symposium,  2:897-904,  1992. 

[22]  V.  H.  Schmidt.  ’’Piezoelectric  Wind  Generator” .  United  States  Patent  #4, 536, 674. August 
20,  1985. 

[23]  S.  Nagao.  ’’Electronic  Wristwatch  With  Generator”.  United  States  Patent  ^5, 939, 707. As¬ 
signee:  Seiko  Epson  Corporation,  July  3,  1990. 

[24]  O.  Takahashi,  Y.  Hashimoto,  E.  Nagasaka,  H.  Miyazaki,  T.  Funasaka.  ’’Piezolectric  Power 
Generator  For  a  Portable  Power  Supply  Unit  and  Portable  Electronic  Device  Equipped 
With  Same  ”.  United  States  Patent  #5,751,091.Assignee:  Seiko  Epson  Corporation,  May 
12,  1998. 

[25]  Y.  Hashimoto,  O.  Takahashi,  H.  Miyazaki,  T.  Funasaka,  M.  Furahata.  ’’Power  Genera¬ 
tion  Method  and  Power  Generator  Using  a  Piezoelctric  Element  and  Electronic  Device 
Using  The  Power  ”.  United  States  Patent  #5, 835, 996. Assignee:  Seiko  Epson  Corporation, 
November  10,  1998. 

[26]  P.  S malser.” Power  Transfer  of  Piezoelectric  Generated  Energy”.  United  States  Patent 
#5,703,474.  Assignee:  Ocean  Power  Technologies  Inc.,  December  30,  1997. 


167 


[27]  G.  W.  Taylor,  J.  R.  Bums.  ’’Power  Generation  From  Waves  Near  the  Surface  of  Bodies  of 
Water”.  United  States  Patent  #4,404,490.  September  13,  1983. 

[28]  J.  R.  Burns.  ’’Ocean  Wave  Energy  Conversion  Using  Piezoelectric  Material  Members”. 
nited  States  Patent  #4,685,296.  August  11,  1987. 

[29]  M.  Y.  Epstein,  C.  B.  Carroll.  ’’Piezoelectric  Electric  Energy  Generator”.  United  States 
Patent  #5,512,795.  Assignee:  Ocean  Power  Technologies,  Inc.,  April  30,  1996. 

[30]  M.  Y.  Epstein.  "Piezoelectric  Generation  of  Electrical  Power  From  Surface  Waves  on  Bod¬ 
ies  of  Water  Using  Suspended  Weighted  Members”.  United  States  Patent  #5,578,889. 
Assignee:  Ocean  Power  Technologies,  Inc.,  November  26,  1996. 

[31]  M.  Y.  Epstein,  G.  W.  Taylor.  ’’Water  Craft  Using  Piezoelectric  Materials”.  United  States 
Patent  #5,621,264.  Assignee:  Ocean  Power  Technologies,  Inc.,  April  15,  1997. 

[32]  C.  B.  Caroll.  "Frequency  Multiplying  Piezoelectric  Generators”.  United  States  Patent 
#5,814,921.  Assignee:  Ocean  Power  Technologies,  Inc.,  September  29,  1998. 

[33]  J.  R.  Burns.  "DC  Bias  Scheme  For  Field  Induced  Piezoelectric  Power  Generators”.  United 
States  Patent  #6,201,336.  Assignee:  Ocean  Power  Technologies,  Inc.,  March  13,  2001. 

[34]  E.  A.  Kolm,  H.  H.  Kolm.  "Piezoelectric  Fluid-Electric  Generator”.  United  States  Patent 
#4,387,318.  Assignee:  Piezo  Electric  Products,  Inc.,  June  7,  1983. 

[35]  H.  H.  Kolm,  E.  A.  Kolm.  ’’Piezoelectric  Acousto-Electric  Generator”.  United  States  Patent 
#4,467,236.  Assignee:  Piezo  Electric  Products,  Inc.,  August  21,  1984. 

[36]  P.  A.  Todd,  B.  R.  Walker.  "Piezoelectric  Circuit”.  United  States  Patent  #5,065,067. 
November  12,  1991. 

[37]  M.  Kimura.  ’’Piezo-Electricity  Generation  Device”.  United  States  Patent  #5,801,475.  As¬ 
signee:  Seiki  Company,  Ltd.,  September  1,  1998. 

[38]  S.  Yamashita.  "Portable  Piezoelctric  Electric  Generation  Device”.  United  States  Patent 
#4,091,302.  May  23,  1978. 


168 


[39]  C.  G.  Triplett.  ’’Vehicular  Mounted  Piezoelctric  Generator”.  United  States  Patent 
#4,504,761.  March  12,  1985. 

[40]  E.  Dieulesaint,  D.  Royer,  D.  Mazerolle,  P.  Nowak.  ’’Piezoelectric  Transformers”.  Electronic 
Letters,  24(7):444-445,  1998. 

[41]  G.  Ivensky,  I.  Zafrany,  S.  B.  Yaakov.  ’’Generic  Operational  Characteristics  of  Piezoeelctric 
Transformers”.  Proceedings  of  IEEE:  Power  Electronics  Specialists  Conference,  3:1657- 
1662,  2000. 

[42]  S.  H.  Lee,  J.  Hong,  J.H.  Yoo,  G.  S.  Gong.  ”  Characteristics  of  Piezoelectric  T-ansformer 
for  Power  Supply”.  Proceedings  of  IEEE:  Ultrasonics  Symposium,  1:971-975,  1998. 

[43]  J.  Navas,  T.  Bove,  J.A.  Cobos,  F.  Nuno,  K,  brebol.  ’’Miniaturised  Battery  Charger  Using 
Piezoielectric  Transformers” .  Proceedings  of  IEEE:  Applied  Power  Electronics  Conference 
and  Exposition,  1:492-496,  2001. 

[44]  A.  M.  Flynn,  S.  R.  Senders.  ’’Fundamental  Limits  on  Energy  Transfer  and  Circuit  Consid¬ 
erations  for  Piezolectric  Transformers”.  Proceedings  of  Power  Electronic  Specialists  Confer¬ 
ence,  IEEE  Transactions,  2:1463-1471,  1998. 

[45]  S.  E.  Park,  V.  Vedula,  M.  J.  Pan,  W.  S.  Hackenbauer,  P.  Pertsch,  T.Shrout.  ’’Relaxor 
Based  Ferroelectric  Single  Crystals  For  Electromechanical  Actuators” .  Proceedings  of  the 
SPIE,  3324:136-144,  1998. 

[46]  Q.  M.  Zhang,  J.  Zhao,  K.  Uchino,  J.  Zheng.  ’’Change  of  the  Weak-Field  Properties  of 
PB(ZrTi)03  Piezocermics  With  Compressive  Uniaxial  Stresses  and  Its  Links  to  the  Effect 
of  Dopants  on  the  Stability  of  the  Polarizations  in  the  Materials”.  J.  Mater.  Res.,  12(1):226- 
234,  1997. 

[47]  V.  D  Kugel,  Q.  M.  Zhang,  B.  Xu,  Q.  M.  Wang,  S.  Chandran,  L.E.  Cross.  ’’Behavior  of 
Piezoelectric  Actuators  under  High  Electric  Field”.  Proceedings  of  the  Tenth  IEEE  Inter¬ 
national  Symposium  on  Applications  of  Ferroelectrics,  2:655-658,  1996. 


169 


[48]  J.  Zhao,  Q.  M.  Zhang.  ’’Effect  of  Mechanical  Stress  on  the  Electromechanical  Performance 
of  PZT  and  PMN-PT  Ceramics” .  Proceedings  of  the  Tenth  IEEE  International  Symposium 
on  Applications  of  Ferroelectrics,  2:971-974,  1996. 

[49]  G.  Yang,  W.  Ren,  S.F.  Liu,  A.  J.  Masys,  B.  K.  Mukherjee.  ’’Effects  of  Uniaxial  Stress 
and  DC  Bias  Field  on  the  Piezoelectric,  Dielectric,  and  Elastic  Properties  of  Piezoelectric 
Ceramics”.  Proceedings  of  IEEE:  Ultrasonics  Symposium ,  2:1005-1008 , 2000. 

[50]  S.  Timoshenko.  ’’Theory  of  Plates  and  Shells”.  McGraw-Hill,  NewYork,  NY,  1940. 

[51]  I.E.  Idelchik.  ’’Handbook  of  Hydraulic  Resistance”,  FL,  1994 

[52]  Y.H.  Su.  Personal  communication.  Massachusetts  Institute  of  Technology,  2000 

[53]  V.  Caliskan.  Personal  communication.  Massachusetts  Institute  of  Technology,  2001 


170 


Appendix  A 


Simulink  Block  Diagrams 


This  section  presents  the  simulink  models  used  in  this  thesis.  Figure  A-l  shows  the  model  of 
the  piezoelectric  element  model  used  in  Chapter  2  in  order  to  simulate  the  case  of  applied  force. 
Later  in  the  thesis,  namely  in  Chapter  4  and  Chapter  5,  the  piezoelectric  element  constitutive 
equations  are  solved  along  with  the  elastic  equations  of  the  structural  members  of  the  main 
chamber  and  incorporated  into  the  simulation  architecture  with  a  15x3  matrix,  as  described  in 
Chapter  4.  Figures  A-2  and  A-3  present  the  simulink  models  of  the  regular  diode  bridge  and  the 
diode  bridge  attached  to  the  voltage  detector,  respectively,  used  throughout  the  thesis.  Figure 
A-4  presents  the  simulink  blocks  used  to  implement  the  function  of  the  voltage  detection  circuit. 
Figure  A-5  shows  the  simulink  architecture  of  the  full  system  including  the  main  chamber,  fluid 
models  and  circuitry,  used  in  Chapter  5.  Simulations  in  Chapter  3  are  performed  with  a  similar 
model.  Figures  A-6,  A-7  aiid  A-8  present  the  simulink  models  for  the  main  chamber  presented 
in  Chapter  4  and  the  fluid  models  presented  in  Chapter  3.  The  circuit  model  used  for  the 
simulations  in  Chapter  5,  where  the  system  is  simulated  only  with  regular  diode  bridge,  is  the 
same  as  in  Figure  A-2. 

Implementation  of  the  voltage  detector  circuit  and  silicon  controlled  rectifier  The 
operation  of  the  voltage  detection  circuit  was  described  in  Chapter  2.  The  function  of  the 
voltage  detector  is  implemented  as  follows:  The  voltage  detector  block  in  the  Simulink  model 
sends  a  signal  to  the  switch/resistor  block  which  is  either  1  or  zero  depending  on  the  detected 
voltage,  V2-  The  logic  is  as  follows: 
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If 

If 

If 

If 


dV2 
dt 
dV2 
dt 
dV 2 
dt 
dV 2 
dt 


< 

0 

and 

V2  >0 

> 

0 

and 

V2>0 

< 

0 

and 

V2<0 

> 

0 

and 

V2<0 

signal=l  (switch  on) 
signal=0  (switch  off) 
signal=0  (switch  off) 
signal=0  (switch  off) 


The  switch  function  is  implemented  with  a  resistor  in  the  place  of  the  SCR,  whose  value 
depends  on  the  signal.  If  the  signal  value  is  1,  the  value  of  the  resistor  is  very  small  and  the 
switch  is  in  ”on”  state.  If  the  signal  value  is  0,  the  value  of  the  resistor  is  very  large  and  the 
switch  is  in  ’’off”  state.  The  following  parameter  values  are  used: 

Large  resistance:  10 6 Ohm,  small  resistance:  10 ~eOhm,  capacitance  value:  10“7 F,  inductor 
value:  20 mH,  m  =  5,  K  =  107,  u  =  5x  1012. 


Figure  A-l:  Simulink  model  of  the  piezoelectric  element. 
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Figure  A-4:  Implementation  of  the  voltage  detector  circuit. 
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A-6:  Simulink  model  of  the  main  chamber  and  the  piezoelctric  element- 
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Appendix  B 


Matlab  Files 


This  section  presents  important  Matlab  codes  used  in  the  thesis. 

Figure  B-lpresents  the  code  used  in  Chapter  3  to  calculate  the  required  frequency,  flowrate 
and  efficiency  for  different  circuitry. 

Figure  B-2  presents  the  code  used  to  calculate  the  required  frequency,  flowrate  and  efficiency 
of  the  system  attached  to  regular  diode  bridge  for  different  reservoir  pressures  and  chamber 
diameters  in  Chapter  5. 

Figure  B-3  presents  the  Matlab  code  used  in  Chapter  5  for  tether  optimization.  The  elastic 
equations  and  equations  governing  the  chamber  behavior  are  solved  in  Maple,  which  is  presented 
in  Appendix  C. 

Figure  B-4  presents  the  Matlab  code  used  in  Chapter  5  which  writes  the  operational  and 
some  of  the  geometric  parameters  into  the  Matlab  workspace,  which  can  be  read  by  the  Simulink 
model  for  the  system  level  simulation.  Also,  the  15x3  matrix  required  by  the  Simulink  model 
(Appendix  A)  is  generated,  whose  coefficients  are  calculated  by  Maple,  which  is  presented  in 
Appendix  C. 
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Figure  B-l:  Matlab  code  ised  in  Chapter  3  to  calculate  the  required  frequency,  flowrate  and 
efficiency  for  different  circuitry. 


182 


*  Natlab  coda  ujwd  in  tathar  at rue turn  optlaiiation.  (Doubla  laynr  platen) 

*  Tha  aapraaaioua  for  kxf ,  kxp,  kvf ,  kvp,  apt,  P,  Ppt  and  Oaff  ara  obtalnad  uaiag  Mapla. 

claar  all; 


Ovt  -  la -If; 

Deb  -  7. 3a- 3 / 

Dp  -  l.ta-3; 

DP  -  1*-1| 

*P  -  Dp“2*pl/4; 

«<*  -  200a-C; 

B  -  lCSat; 

V  -  0.23; 

Bf  -  2a*; 

B33D  -  lla-12; 

a  -  Ddh/3; 
kp  -  Bp/a33D/U ►; 

VO  -  Bct*DChA3*pl/*; 

ttopta  .  lla-C; 
tbotta  •  Sa-C; 


%  Input  flow  voluaa  Into  tha  ehaabar 

*  Aaabar  diaaatar 
%  Plato  dlaaatar 

*  Plato  langth 
%  Plata  ara* 

0  Charter  halght 

%  Tout^a  nodulua 

*  Polaaon  ratio 
«  Bulk  nodulua 

%  Opan  circuit  ooaplianca 


*  Plato  atiffnaaa 
%  Initial  voluaa  of  chMbar 


a  -  l*ttoptaA3/  <13*  (l-v*!) ) , 
da  -  I*tbottaA3/(12*(l-v*3)); 


for  k-  1 ili2a3; 


Dpia  a  |Dch)  -k*0 .  OOOSa-3; 

b  ■  Dpia/3 ; 

Apia  -  SplaA2*pi/4; 

%  Top  tathar 


.  .  .  -  „  -  - - iA4*log(a)  *bA3*logft)  -•*bA4*aA2*log(a/b) . 

♦l«*a  4* log  (a) *3*b  J+l*»  4*bA2*log (a/b> -H-a^b^logfa/b)  *log  (a)  )/(d*pl*  (bA2-aA2) )  , 

kvp  -  l/l»2*pi* (34*aA4*bA4*log{a/b)+24*aA4*bA4-32*bA4*aA3+aA*V7*bAB-4«*aA4*bA4*log(a/b) *log(a) -4l*aA4*log(a) *hA4*loa(b) 
*****  4*log (a) A2*bA4«4«*bAC*aA3*loa t»/b) *log (b) +4«*bAC*aA2*log (a) *log (b) -4«*bA4*aA3*log (a) A2-24*bA«*aA2*log  (a/b) - 
4*b  2)/(d#  Q>4*t  2)  )  ) 


«  Bottaa  tathar 


kxfb  a  l/»*bA2*log (b) / (pl*da) -l/«*b*3/  (pi*da) +1/14*  (-2*aA2*log (a) +aA2«3*bA2*log ft) -b*3) *bA3/ (pi*da* (aA3-bA2) ) +l/4*bA3* 
a  3*log  (a/b)  *log  ft)  /  tpl*da*  (aA2-bA3)  )*l/l«*aA3*  (a^-l-b^logft)  -^2-4^*3*109 (a)  A2*2*bA2*log  (a)  ♦4*bA3*log (a)  • . . 
log  ft) ) / (pi*d»* (a*2-b*3) ) ; 

*  Ovnrall  aquatlona 

apia  -  -kxfb*  (kxf *3pla-kxp)  *dVf *Bf /  (fcxfb*Vo*kxfb*Bf *kvf *Dpla-kxfb*Bf *fcyp+kxf *Vo-kxf »Bf* fcvp+kxf  *lre*kxfb*Vo-tatf  *kp*kxfb* 
W  *bvp»kxf  *Apla  A  3  *  Bf  *kxfb+kxp*  Bf  *  kvf +kxp  *Bf  *kvf  *kp  •  kxfb -kxp*  Bf  *knfb*  »pl  a ) ; 

P  -  Bf*dVf*  (kxfb+-kxf+kxf*kp*kxfb)  /  (kxfb*Ve*lcatfb*Bf *kvf  *Apla-kxfb*Bf  *kvp+kxf  *Vo-kxf *Bf*kvp+kxf*kp*kxfb*Vo-kx£*kp*!Dcfb*Bf 
*kvp*kxf»Bpla^»Bf»kxfb*fcxp*Bf*kvf»ktp*Bf*kvf*kp»kxfb-kxp*Bf»fcxfb*Bpla) ; 

Oaff  -  Vo/Bf+(kxfb*kvf*Bpim.knp*kvf*kxp*kvf*kp*kxfb-kxfb*kvp-kjtf*kvp-kxf*kp*kxfb*kvp)/(latfb+kxf+)atf*kp*kxfb)  ; 

xp(k)  -  xpia; 

Pob(k)  -  P; 

Oonpfk)  •  Oaff, 

Dpi  an (k)  -  Dpia; 


figura (2) 
aubplot (3,1, 1) 

plot  ( (Dch-Dplan)  *laC/2 ,  jqp/la-C) 
hold  on 

tltlal'Doh  fixad.Dpia  varlad’) 
ylabalt* platen  Daflacrtlon [uo)  •) 
grid 

aubplot (3.1,2) 

plot ( (Dch-Dplan) *la«/2, Poh/la«) 
hold  on 

ylabal  ('Cbaabnr  Praaaura  DlPaJ  ') 
grid 

aubplot |3 ,1,3) 

aaailogy  ( (Doh-Dpian)  *laC/3,Conp) 
hold  on 

ylabal ( 'Caff ftA3/Pa] • ) 
nlabal (' tathar  width') 
grid 


Figure  B-3:  Matlab  code  used  for  tether  optimization. 
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«  Thie  cod*  write*  the  eye tea  pmMttii  to  tha  Hatlab  woxkapace  to  b*  r«ad  by  OiauUnk. 

%  It  alio  gutntii  tb*  15x3  Matrix  need  in  fliaulLnk,  when  eoafficiant*  are  calculated  tiling  Maple. 


«  fluid  denelty  fkg/M*3] / 
t  viacoaity  [«‘2/mc1  , 

%  viacoaity  [M/mc]  ; 


%  Inlat  nln  xp  diameter  [m]/ 

«  outlet  valve  cay  diaeater  [a]  i 


•  Fluid  trcpcrtl** 

rtao  -  740  / 

»i_f luld  -  0.45a -4/ 

Mu_fluld  -  rbc«nn  fluld; 

•  Valve  geometry 

d_diacln  m  2*400e-4  I 
djliacout*  d_di*cin  i 

hi  -  100«-5f 
eta  -  #.MS  i 

•  Valve  Channel  Oaonatxy 


Lc  >  sfiOOj  %  length 

*c  -  It  *  Channel  araa 

%  Mote/  Since  only  L/X  ratio  la  important  in  thla  itudy, 

*  no  exact  channel  geometry  ia  defined,  only  the  ratio  ia  dataxalnad. 

It  Plod*  Prepart la e  for  the  rectifier  circuit 

T  -  300/ 
k  •  1. 3*1-23 f 
eta  •  17.25/5/ 
g  -  1.4*-19i 
2o  -  la-4/ 


t  Operation  Condi tiona 


*  Inlet  valve  opening [a] 
%  Oulet  valve  opening [a] 


%  Operation,  frequency  [Ha] 
%  Battery  Voltage  fT] 


*  High  Fraaura  Heaervoire  praeeure 
%  how  Preaura  Beaarvoire  Praeeure 


%  Xxpanaioci  look-up  table 

Jle  ■  [0,  0.05,0.1,0.2,0.1,0.4,0.5,0.4,0.9]  ; 

Ce  «  [1,10, 15,20,30, 40, 80, 100,2e2,5e3,le3,2e3,3e3,lel5]  t 

Te  a  [13,3. 1,3. 5,3. 04, 2. 7, 2. 42,2. 32,1. >2, 1.94,2. 07, 2. 45,1. *2,1. 25, 0.31/ 
33, 3. 1,3. 3, 3. 02, 2.54,2.29, 2. 13, 1.03, 1.79, 1.09,2. 23, 1.74, 1.13, 0.9/ 
33,3.1,3.2.3,2.4,2.15,1.95,1.7,1.45,1.7,2,1.4,1,0.01/ 

33,3. 1,3. 2,2. 0,2.2. 1.05,1. 45,1. 4.1.3. 1.3, 1.4, 1.25,0.7,0. 44/ 

13, 3.1,3 -1.2.4, 2., 1.4, 1.4, 1.2,1.1,1.1,1.3.0.95, 0.4, 0.5/ 

13, 3. 1,3. 0,2. 4, 1.0, 1.5,1. 3, 1.1,1., 0.05, 1.05, 0.0, 0.4, 0.34/ 

13, 3. 1,2. 0,2.3, 1.45,1.35,1. 15,0. 9, 0.75, 0.45, 0.5. 0.45, 0.3, 0.25/ 
33,3.1,2.7,2.15,1.55,1.25,1.05,0.0,0.4,0.4,0.4,0.5,0.2,0.14/ 

33, 3 .1,2 .4,2,1 .4, 1. 1,0 . 9, 0 .4,0 . 3, 0 .1, «e-2, 5e-S,2e-2,1.0e-2]  t 


*  Contraction  look-up  table 

RC  -  [0, 0.1,0. 2. 0.3, 0.4,0. 5,0. 4, 1]  / 

Cc  -  [1,10, 20,30, 40, 50, l«2,2a2,5e2,lo3,2e3,4a3,5a3,le4,lel5J  / 

To  -  {30,5,3.3,2.5,2.14,1.90,1.4,1.11,0.54,0.77,0.4,0.97,0.92,0.4,1/ 
10,5,3.2,2.4,2,1.0,1.3,1.04,0.02,0.44,0.5,0.4,0.75,0.50,0.45/ 
30,5.3.1,2.3,1.54,1.42.1.2,0.95,0.7,0.5,0.4.0.4,0.4.0.4,0.4/ 

10. 5..  2. 95. 2. 15. 1.7. 1.5.1. 1.0. 05. 0.4. 0.44. 0.30. 0.55.0. 55. 0.35. 0.35/ 

30. 5. . 2. 0.2. 0.1.4.1.4.1.0.75.0. 5.0.35. 0.25.0. 45. 0.5.0. 3. 0.3/ 

10, 5,2. 7,1. *,1.44, 1.3. 0.9,0. 45, 0.42. 0.3, 0.2. 0.4. 0.42,0. 25, 0.25/ 
90,5,2.4,1.7,1.15,1.2,0.0,0.54,0.35,0.24,0.15.0.35,0.35,0.20,0.20/ 
30,5,2.4,1.7,1.20,0.0,0.4,0.40,0.15,0.01,0.05,0.15,0.15,0.10,0.10]  / 


i  preparation  of  tha  matrix  to  be  fed  into  Sinulink 

TheaisBiaMatrix;  *  Head  in  Matrix  value e  fro*  TheaiaSiaNatrlx.m 

for  lalllS 
for  j-l:3 

eval(('Aaatrlx(L, j)«X’  nnn2atx(i)n\a*2«tr  (j)  ’/*])/ 


Figure  B-4:  Matlab  code  used  for  writing  system  parameters  into  the  workplace  to  be  read  by 
the  Simulink  model  for  the  system  level  simulation. 
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Appendix  C 


Maple  Files 


This  section  presents  important  Maple  files  used  in  the  Thesis. 


The  first  two  codes  are  the  Maple  files  used  for  tether  optimization  in  Chapter  5.  The  first 
one  solves  the  elastic  equations  of  the  tether  structures.  The  second  one  solves  the  governing 
equation  for  the  chamber  behavior.  The  coefficients  calculated  are  then  fed  to  the  Matlab  code 
used  for  tether  optimization  presented  in  Appendix  B. 


The  third  code  solves  the  elastic  equations  of  all  the  structural  components  within  the 
system  along  with  the  equations  governing  the  chamber  continuity  and  piezoelectric  element 
behavior.  The  equations  are  solved  and  the  coefficients  for  the  15x3  matrix  required  by  the 
Simulink  model  architecture,  which  is  described  in  Chapter  4,  are  calculated.  These  coefficients 
are  written  in  a  Matlab  m.file  which  are  then  read  by  another  Matlab  code  (Appendix  B)  to 
generate  the  15x3  matrix.  The  assumptions  and  derivation  of  these  equations  are  presented  in 
Chapter  4. 
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This  file  solves  the  elastic  equations  corresponding  to  the  tether  structure. 
Doubte  layer  piston  is  considered. 

.  It  is  assumed  that  everything  except  the  tethers  are  rigid. 

C  >  raafcarfcj 
C  >  Diflit«t-40j 

0  Top  tether 


ie  governing  DE  for  bending  of  circular  plate  and  shear  force 


Governing  DB 

>  «qn  t  -  •  dl  f  f  <l/r»di* t  (r*di  tt  < w  (r)  ,  r>  ,  r)  ,  r)  -Q  (r)  /d •  t 


L  Shear  force  fa  terms  of  Bedchamber  pressure)  and  Fpt  (force  applied  by  die  piston  on  (he  top  tether) 
L  C  >  Q(r)t«Fpt/  (2*Pi*r)-  (1/2)  *P* (rA2-b*2) /rt 


0  Integrate  the  DE 


C  >  Ql(r)  :-(int(Q(r)  /d,r)+Cl)  *n 
C  >  Q2(D  j-(int(Ql<r),r)+C2)/r: 

C  >  w(r) i-lnt(Q2 (r),r)+C3: 


0  Apply  BC't 


C  >  BClt-auba  ({r-at},w(r)  )  -0: 

C  >  BC2 1 sauba { {r*a} ,  dif  f (w (r> ,  r)  )  «0 1 
C  >  BC3t-auba ({r-b},dlfif (w(r) ,r))«0> 

C  >  Satj«aolva({BCl,BC2,BC3},{d,C2,C3}) j 
C  >  M(r) i«*uba (S«t,w(r) ) t 


I  Calculation  of  linear  coefficients  for  deflection  and  swept  volume 


C  >  kxf  :»auba({P»0,Bpt-l},auba  ({r-b},Hf  (r) ) ) : 

C  >  kxpt»«uba({p-l,»pt-0},auba<{r«b},W(r))) * 

C  >  kvf  * «euba { {P.0 , Fpt.l), collect ( ainplify (±nt (2*pi*r*1f (r) ,r«b . . a) ) , (d,P>) ) : 
_  C  >  kvps«auba{{P»l,Fpt»0},coll«ct(a±nplify (int  (2*pi*r*W(r)  ,r«b.  .a)  )  , {d,P}) )  s 


0  Bottom  tether 


[0  Define  governing  DE  for  bending  of  circular  plate  and  shear  force 


[Governing  DB 

>  •qns.'dlff (l/r*diff (r*diff (w(r) ,r) ,r) ,r) -Q(r) /da*  s 
C  Shear  force  in  terms  of  Fpb  (force  applied  by  the  piston  on  the  bottom  tether) 
C  >  Q(r) twPpb/ (2*Pi*r) t 


0  Integrate  the  DE 


C  >  Ql(r) s*(lnt (Q(r) /da,r)+Cl) *ri 
j"  >  Q2  (r)  t»(lnt(Ql(r)  ,r)  +C2)  /rt 

_  C  >  w(r) i-int(Q2 (r) ,r)*C3: 


0  Apply  BC’s 

C  >  BCli-aoba ({r«t},w(r) )*0r 
C  >  BC2:-itabe({r«a},difif  (w(r),r))-Oi 
C  >  BC3i-«uba{(r-b},diff (w(r)  ,r))-Oi 
C  >  8*tt-aolv«({BCl,BC2,BC3),{ci,C2/C3}) * 

C  >  W(r) i-auba  (8«t,w(r) ) i 

0  Calculation  of  linear  coefficient  for  deflection 

L  C  >  facfb*-auba({p-0,Fpb-l),aub«({r-b},W{r) ))  i 
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"  File:  Compl.mws 

This  file  solves  the  overall  equations  governing  the  chamber  behavior  including  piston  deflection,  swept  volume,  chamber  pressure, 
force  on  piezo  and  force  on  tethers. 

Also  the  effective  compliance  of  the  system  is  calculated.  The  elastic  equations  governing  the  tether  behavior  are  calculated  using 
another  maple  file. 

__  The  results  of  both  maple  files  are  then  fed  to  Matiab  for  tether  structure  optimization. 

C  >  rsstart; 

Z  >  Digits  s«*40i 


|  Equations  Governing  top  tether  deflection 


C  >  eqnl : -xpia-Jacf *Fpt+kxp*P: 
C  >  sqn2 :  «dVt=kv£*Fpt+kvp*P  : 


T  Equation  Governing  bottom  tether  deflection 

c  >  «qn3 : *xpis«kxfb*Fpb: 


Force  Balance  at  piston-tether  connection 

C  >  eqn.4 :  «Fp -Fpt+Fpb : 


Fluid  Compliance 

c  >  sqnS : «P«  ( {dYf+&Vfc+xpifl*Apia)  /  (Vo)  )  : 


f  Piston  and  Piezo 

C  >  eqn6  s  «P*Apia+Fp+kp*xpifl«0 : 

B  Solve  equations  for  input  dVf 

Z  >  ay’as«iSolvs{{«qnl,sqn2/«qn3/«qa4,«qnS,«(3n6},{aqpio,Fp,dVt,P#Slpt,Fpjb})  t 
C  >  assign (sys) ; 

_Z>  Ceff :-coll«ct (simplify { (dV£+3qpia*Apia) /P)  ,  {Va,B£}) s 
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"  FiU:  ThesUSimC0mp,Mwa 

Within  the  limutink  model,  an  15  x  3  matrix  is  needed,  which  takes  aa  inputs  (Qp,  Qoet,  xpis)  and  solves  for  die  outputs  (Vp,  xtp, 
DVtp,  DVte,  DVpb,  xb,  xte,  Fte,  Fte-top,  Fto-bot,  Stt,  Stb,  Fp,  Pch,  Fnet). 

_  This  code  calculates  die  coefidents  of  this  matrix. 

C  >  raatarti 
C  >  Digit# t -40: 

M  Governing  Equations 

\M  Top  rapport  (tructure 

l  >  BQH1  i«  x  [tpl -k  [dtp] *P[ch] i 

L  C  >  *0H2  t-  DV[tp]-k[tpl*P[oii]  : 

Up  Bottom  Support  Stricture 


*  tbl  -  k  [b]  *F  [pi  i 


HI  Piston 

C  >  TOW  tm  x [pial  -x  [ta]  -k  [pi]  *P  [p]  +k  [p2]  *P  [ch]  i 
C  >  TOfS  DV[pbl-k[p3]*F[p]+k[p43*P[ch3i 
_  [  >  BQN6  t>  F  [not] --A[pia] *P [ch] +F  [p] -F [tal : 

Op  Piston  Tethers 

[  >  lQlf7  tm  at  [ta]  »k [ttl]  *F  [tatop]  +k [ tt2]  *P  [ch]  x 
C  >  BQN8  t-  DV [tal  -k  Ett33  *F  [tatopl  +k [tt4] *P [ch] * 

C  >  KQW9  tm  8tr ttt] -a [ttll *F [tatopl +a [  tt2] *P [chi  * 

C  >  EQN10  tm  x [ta]  -k [tbl  *F [tabot] t 
[  >  FQN11  tm  Btr  [tbl ■■ ttb3  *P [tabot]  t 
_  [  >  EQH12  s.  F[ta].F  [tatopl +F[tabotl  t 

Chamber  continuity 

L  C  >  BQN13  tm  P[eh]  -B[f]/V[o]  *  (Q[nat]  +x[pia]  *A[pia]  +DV[pb]  +DV[tal  -DV[tp3)  * 

[9  Piezoelectric  Material 

[  Linear  constituive  relations. 

C  >  BQN14  t*  xtb]-x[pia]  *  Ltpl  /A[p]  *  (aD[331  *F  tpl  +d[33]  /aT  [331  *Q[pl )  * 

„  C>  *QK15  tm  Vtp]  -  It  tpl  /X  tpl  *  (d  [33]  /aT  [331  *F  [p]  -1/aT  [333  *Q  [p]  )  * 

]  Geometric  and  Material  Parameters 

[  Geometric  Parameters: 

C  >  Llpl*“la-3«  d[p]  t-3.6a-3t  Atp]  t- (Pi*d[pl  A2) /4* 

f  >  dtpial :-6.95a-3t  w[t] i«125a-6i  d [ch] : -d [pie] +2*v [t] :  t [pt*3 t»800a-6 x 
L  A  [pial t - (Pl*d  tplal A2) /4  * 

C>  t  [tatopl t -10a- fit  t  [tabot] t-5a-fi t 
C  >  tCbot] t«2500a-fis  t [top] i-2500a-6t 
L  >  H[chl i-200a-6t  V[o] t-Pi* (dEchl  *2/4) *H [ch] t 
[  Material  Parameters: 

("  >  dt333  t-1780a-12i  aD[33] t«17a-12i  a* [33] i-81a-12i  aT [333  i-d[33]  A2/ (a* [333 -aD[33]  )  : 

L>  K (ail j-165a9t  nufall t-0.22t  B[flt-2a9s  rho [ail : -2230 1  N [pial  t -rho [ai] *A [pial *t Cpisl s 

i  Calculate  Linear  Plate  Coefficients 

Hi  Top  Support  Struct iirt 

t  Circular  plate  clambed  at  its  outer  rsdius(r-a). 

Positive  deflection  is  upward. 

C  >  a<pu-*dif£(l/rMi«  (r*diff  (Z (r) ,r> ,r) ,r) -Q(r> /Da* s 
[  >  Q(r)  t -P  [ch]  *r/2 : 

Page  1 
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Z  >  Ol{r)t-(lnt(Q(r)/Da,r)+Cl)*rj 
C  >  02 (r) *■  (int  (Q1 (r) ,r) +02} /r: 

C  >  wtp(r) ;*subs({C2*0},int (Q2 (r) ,r) +03) : 

Z  >  BCls-a-ubaCtr^aJ^wfepfr)  )bOj 

C  >  BC2t«aubs({r«a},di£f  (wtp(r)  ,r))«-0* 

C  >  Sats«aolva({BCl,BC2},{Cl,C3}) : 
c  >  Wtp i -simplify (subs (Bet, wtp (r) ) ) : 
c  >  DVfcp*-int(2*Pi*r*Wtp,r«0. .a) s 
C  >  Wtpos»auba  ({r-0},Wtp)  s 
C  >  ktdtpl 2-auba({Pleh]-l},Wtpo) s 

C  >  ktdtpl  *-avalf  {subs  ({a«d [chi /2,  Dfl«E[si]  *t  ttopl  *3/  (12*  (1-mi  tail  A2)  )  }, kCdtp]  ) )  * 
Z  >  k  ttp] : -subs ({P  Ech] -l},0Vtp) s 

Z  >  kttp]  5-eval£{aubs({a-dtehl /2,  Da-Etail  *t  [top]  A3/ (12*  (1-nutsil A2> ) },k[tpl) )  * 


I  Bottom  Suport  Structure 

["  Circular  plate  wife  a  circular  hole  at  the  center  which  is  clamped  at  its  outer  radius(i=a)  and  guided  at  its  inner  radius(r=h). 
L  Positive  deflection  is  upward. 

C  >  eqm-'diff  (l/r*di££  (r*di££  (Z(r)  ,r)  ,r)  ,r)*Q(r) /De'  t 
C  >  0(r)s—  Ftpl/2/Pi/r* 

C  >  Q1 (r) s* (int (Q(r) /Ds,r) +C1) *r: 

Z  >  Q2  <r)  s«(int(Ql(r)  ,r)+C2)/rx 


C  >  wb  <r)  :  «int  (Q2  (r)  ,r)  +03 : 

C  >  B01x«auba({r«a},wb(r))  *0x 
C  >  BC2x*auba({r«a},di££ (wb(r) ,r))«0: 

Z  >  BC3**aubfi({r*b},d±££(vb{r>  ,r))-0: 

C  >  Set:«aolva{{BCl,BC2,BC3},{Cl,C2,C3}) x 

C  >  Wb:*simpli£y(aubs{Sat,wb(r))) x 

Z  >  k (b] : ■simplify (subs ( {P (pi *1} , subs ( {r«b} , Wb) ) ) : 

C>  k[b]  *  -aval  £  (auba  ({a«d  [chi  /2,  b-dtpl/2,  Ba*E[si]  *t  Ebot]  A3/ (12*{l-xmtsi3  A2)  )  },k[bl  )  )  s 


Piston 


"  Circular  plate  with  a  circular  hole  at  the  center  which  is  simply  supported  at  its  outer  radius(i=a)  and  guided  at  its  inner 
radius(r=b). 

_  Positive  deflection  is  upward. 

C  >  aqns*,di££ (l/r*di££ (r*di££ (Z (r) ,r)  ,r)  ,r) -Q (r) /Ds 1 x 
Z  >  Q(r) x-Ftpl /2/Pi/r-P  Echl *r/2; 

C  >  Q1  (r) : « ( int (Q (r) /Da , r)  +01) *r  s 
Z  >  02 (r) :=<±nt(Ql tr) ,r)+C2}/r: 

Z  >  wp  (r) :  ocint  (Q2  (r)  ,r)  +C3  : 

Z  >  B01*«aubs({r«a},*p(r)) -Os 

Z  >  BC2 : -auba ( {r»a}, d±££ (wp (r) ,r$2)+nu/r*di£f (wp(r) ,r) )»0x 
C  >  BC3t-aubs({r-b},diff  (wp(r)  ,r))  «0t 
Z  >  Sst*.solva({BCl,BC2,BC3},{cl,C2,C3}) : 

Z  >  Wfc t- simplify (subs ( Sat, wp(r)) ) s 
Z  >  DVpb  s -simplify  (int(2*Pi*r*Wfe,r-0,  ,a>)  s 


C  >  ktpl]  t -simplify  (auba  ({P  [ch]-0,FEpl  -1}, subs  {(r*b},Wp) ) )  t 

r  >  ktpl] t-avalf  (auba({a-dtpia]/2,  b-dtpl/2,  Ds-EtaiJ*t[pis] A3/(12*(l-nu[ail A2)> , 
L  nus*nu  tail } , k  [pll  ) )  : 

C  >  ktp21  x -simplify  (auba  ({p[ch]-l,F[pl*0},  subs  ({r»b},KfcO>)  • 

r  >  k[p2] t-evalf {subs({a*d(pis]/2,  b-d[p]/2,  Da-E [ail *t [pia] A3/(12*(l-nu[ail A2)> , 
L  nu-nu[sil},ktp21 )) s 

c  >  ktp3]:-ai»plify{8uba({Ptchl-0,Ftpl»il},DVtb)>s 

r  >  ktp31  s-avalf  (aubs{{a-dtpial/2,  b-dtpl/2,  Ds-E tail *t [pis]  A3/{12*(l-xra[si]  A2)>  , 

L  nu-nutail},ktp3] ))  * 

C  >  ktp41  s=aimpli£y(»uba({PCchl«l,F[pl»0},DVbb))* 

[■  >  k[p41  x-aval£ (subs ({a-d [pis] /2,  b-dtpl/2,  Da-Etai]  *ttpia]  A3/{12*(l-xmfai]  A2) )  , 
L  nu»nutai]  },ktp43  ))  * 
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M  Drive  Element  Tethen 
*  Top  Tether 

Axmnlor  plate  clamped  at  outer  radius  (i«a)  and  guided  at  inner  radius  (r—b)  with  pressure  applied 
L  downward  over  tether  and  concentrated  force  applied  upward  at  inner  radius  (r=h). 

C  >  a<jna-'di££  (l/r*di££<r*dif£(Z(r),r),r),r)-Q(r)/Da»t 
C  >  Q{r)s-F[tatop]/{2*Pi*r)-P[chl*(rA2-bA2)/(2*r)x 
[  >  Ql(r)  t-(£nt(Q(r)/Da,r)+Cl)*r: 

C  >  02 (r) a-(int (Ql(r) ,r)+C2)/r: 

C  >  wtt(r)  x  -lnt  (Q2(r)  ,r)+C3a 

C  >  BC1 1  -auba  ( {r-a} ,  wtt  (r) )  -0  s 

C  >  BC2 1 -auba  ({r-a},  diff(wtt(r)  ,r))»0: 

C  >  BC3  i-atxbe  ({r-b},di££  (wtt(r)  ,r))-0t 
[  >  Sat i«aolva({BCl,BC2 ,BC3}, {C1,C2,C3}) i 
C  >  Wtt i -simplify (ouba (Sot, wtt (r) ) ) j 
C  >  DVttr -aiapli£y  (int  (2*Pi*r*lftt,r-b. .a) ) i 

C  >  k[ttl]  a -aiapllfy (auba ({p[ch]-0,F [tatop]-!}, Bubs ({r-b},Wtt)))  x 
T  >  k[ttl]  t -aval £  (auba  ({a-d  [eh] /2,  b-d[pia]/2, 

L  Da-B [ai] *t [tatop] A3/ (12* (1-nu (all A2) ) },k [ttl] ) ) * 

[  >  k[tt2] i -simplify (*ubo ({p [oh] -1,F [tatop] -0},  aruba ({r-b},Wtt> ) ) a 
T  >  kttt21 t-orralf  (auba({a-d[ch]/2,  b«d[pia]/2, 

L  Da-B tai]*t [tatop] A3/ (12* (1-ira  [ai] A2) ) },k[tt2] ) ) : 

[  >  k[tt3] t -simplify (*uba ({p[ch] -0,F [tatop] -l},DVtt) ) t 
T  >  fc[tt3] t -aval £ (auba ({a-d  [eh] /a,  b-d[pia]/2, 

L  Da-B [ai]*t[ tatop] A3/ (12* (1-xra  [all A2) > },k[tt3] ) ) a 
C  >  k[tt4] : -simplify (auba ({P[ch]-1, F [tatop] -0},DVtt) ) : 

T  >  k[tt4]  t-avalf {auba ({a-d [ch]/2,  b»d[pia]/2, 

L  Da-B [al] *t [tatop] A3/(12*(l-nu[ai) A2)) },k[tt4] ) )  x 

C  >  Stts -simplify (6* (Da* (dl££ (Wtt,r$2) +nu/r*dif  f  (lftt,r) ) )  /  (hA2) ) s 
C  >  a[ttl] a -simplify (auba ({P [oh]  «0,F [tatop] -l}, auba ({r-a}, 8tt))) a 

f  >  a  [ttl]  a  — onralf  (auba  ( {a— d  [ob]  /2 ,  b-d[pia]/2,  Da-1  [ai]  *t  [tatop]  A3/  (12*  (1-xra  [al]  A2)  )  , 

L  nu-rm  [al] ,  h-t [tatop] }, a [ttl] ) ) i 

[  >  a[tt2] t -simplify (auba <{p Teh] -1,F [tatop] -0), auba ({r-a}, Stt))) * 

T  >  a [tt2] t -aval£ (auba ( {a-d  tab] /2 ,  b-d[pia]/2,  Da-B  [al] *t  [tatop] A3/ (12* (l-im[al] A2) ) , 

L  mu-mu  [ai],  h-t [tatopl },a[tt2] ) ) x 
f  Bottom  Tether 

Annular  plate  clamped  at  outer  radius  (r™a)  and  guided  at  inner  radius  (r™b) 

L  with  concentrated  force  applied  inward  at  inner  radius  (r**b). 

C  >  •<aa*-,di££(l/r*dl£f(r*dl££(Z(r)#r),r)#r)-Q(r)/Da,t 
C  >  Q (r) * -F [tabotl / (2*Pi*r) x 
[  >  Ql(r) :-(±nt (Q{r)/Da,r)+Cl)*ri 
C  >  02 (r) x- (lnt (Ql(r) ,r) +C2)/ri 
C  >  wtb(r)  x-lnt  (02  (r)  ,r)+C3s 
C  >  BC1  x  -auba  ({r-a}  ,wtb  (r) )  -0 : 

C  >  BC2 a-auba ({r-a},dl£f (wtb(r) ,r) ) -0i 
C  >  BC3  a-subs ({r-b},dl££ (wtb(r) ,r))«0a 
C  >  Sat*-aolva({BCl,BC2 ,BC3}, {C1,C2 ,C3}) a 
C  >  9ftb:-simpllfy (subs (Sat, wtb(r) ))  t 

C  >  k[tb]  a -simplify (auba ({F [tabot] -1}, auba ({r-b},Wtb) ))  a 

f  >  k[tb] t-avalf  (auba({a.d[oh]/2,  b-d[pia]/2,  Da-B  [al] *t [tabot] A3/ <12* (1-nu [ai] A2) ) , 

L  nu-tra  [ai] },k[tb] ) ) a 

C  >  Stba-aiaplify(6*(Da*(diff  (Wtb,r$2)+nu/r*diff  <¥tb,r)))/(hA2)>  a 
C  >  a [tb] x -simplify (auba ({P  [tabot]-!}, auba { {r-a}, Stb))) a 

T  >  a[tb] i-sral£( auba ({a-d [ch]/2,  b-d[pia]/2,  Da-B[al] *t [tebot] A3/(12* (1-nu [si] A2) ) , 

_  L  nu-nu[sl],  h-t [tabot] },s[tb] ) ) t 

O  Solve  Equations 

j-  In  &e  Simulink  model,  the  inputs  to  the  matrix  block  are  Qo.  Onet  and  xpis.  It  ia  desired  to  solve  for  each  of  die  output  variables  in 
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terms  of  these  inputs.  The  output  variables  areVp^tp^Vtp,DVte,DVpb^b,xte^te>Ftfr-toprFte4>ot,Stt,Stb^p>PchtFnet.  Once 
solved,  each  of  the  coefficients  is  assigned  to  the  proper  location  in  the  matrix. 

All  the  matrix  coefficients  are  then  fed  to  matlab  matrix  file,  which  is  then  called  by  a  matlab  preparation  file  to  run  the  Simulink 
.  model 

■  >  Solutions :  *  solve  ({EQjNl,  EQN2  ,E0S?3  ,  EQN4  ,  EQN5 , EQKfi  ,  EQST7  ,  KQN8 ,  EQN9,EQN1Q  ,  KQN11,  EQN12 ,  KQK13 
,EQN14,BQN15},{V[p]  ,x[t p]  ,BV[tp]  ,DV[te]  ,DV[pb],xEb]  ,x[te]  ,F[te]  ,F[tetop]  ,F[tebot]  ,Str  t 
tt] , Str  [tbl  ,Ftp]  ,P Ichl  , F [net]  }>  : 

C  >  All : -evalf (subs {{Q Ip] *1,Q Enet] -0,xtpia]-O}, subs (Solutions, V £p] )) )  s 
C  >  A12  t-aval£  (subs  ({Olp3*0,OE»«t]-l,x[pis3-0},  subs  (Solutions,  V[p]>)>  s 
C  >  *13  t-«vsl£  (subs  ({Qlp3*0,Q[n«t]«.0,xCpis3*l},  subs  (Solutions, V£p3)))  s 
C  >  A21 : -evalf  (subs  ({Q[p]  -l,Q[net]-0,xEpis]  =0},subs  ( Solutions,  x[tp] ) } )  s 
C  >  A22 : -eval £( subs  ({Qlp]«0,Q [net] -l,x [pis] -0), subs  (Solutions, x[tp]  >))  s 
C  >  A23:-evalf {subs({Qtp] -0,Q[net]-0,x[p±a]  *l},suba ( Solutions, xttpl )  )  )  * 

C  >  *31  s -evalf  (subs  ({Q Epl  *1,0 En«t]  -0 , x [pis]  -0},  subs  (Solutions, DVttpl  >  >  >  a 
C  >  A32s-«vnl£(suba({OEp3*0,QEn«t]-l,xCpis]-0}, subs  {Solutions, DVEtp])))j 
l  >  *33: -evalf  (subs  <{Q[p]  -O,Q[nat]-0,x[p±a3  -1), subs (Solutions, DV[tp] )) >  : 

C  >  *41: -evalf  (subs  ({QEp3  *1,Q  [net]  *0,x[pis3  -Q},  subs  (Solutions, DV  [to]  }  )  )  s 
l  >  A42 : -evalf  (subs  {{OEpI  «0,Q [net] -l,x[pis]  *0},  subs  (8olutions,DVlteJ  )  ) )  s 
C  >  A43 1  -evalf  (subs  { {Q Ep]  *0 , 0 [net]  *0 ,x [pis]  *1} ,  subs  (Solutions, DV [te]  )  )  >  * 

C  >  *51: -evalf  (subs  ({QEp3  -l,Q[net]  -0,x[pis]  «0>,aubs  (Solutions, DVEpb]  )  )  )  s 
Z  >  *52  j  *«val£  (subs  <  {Q  Ip]  *0,Q  [net]  «l,xtpis3*0},  subs  (Solutions,  DVEpb])))  i 

C  >  *53* -aval £  (subs  {{OEpI  «0,Q East]  -0,x  [pis]  »l},subs  (Solutions, DVEpb 3 )  )  )  : 

C  >  *fi  1 : -aval £( subs ({OEpl  -l,QEnet]-0,x[pis] -0), subs (Solutions, xtb] ))> : 

C  >  *62: -evalf (8ubs({Q[p]-0,O[Bet3«l,xEp±aJ«0}, subs (Solutions, x [b])) ) : 

C  >  *63 : -evalf (subs ({OEpI *0, 0 Enet) -0,x [pis] -1}, subs (Solutions,* [b] ) ) ) s 
C  >  A71: -evalf (subs  {{QEpl  -1,Q Enet] -0,x [pis]  *0},subs  (Solutions,* [te] ) )  )  s 
C  >  *72 s -evalf (subs ({Otp3*0,ornet]*l,x [pis] «0>, subs (Solutions, x Etel ))) : 

C  >  *73 :-eval£ (subs ({Q[p]  «0,Q[net] -0,x[pis] -l}, subs (Solutions,* [te] ) ) ) : 

C  >  *81: -evalf  (subs  <{Qlp]  -l,QEnet]-0,x[pis]  -0},subs  (Solutions, Fite] ) )  )  : 

C  >  *82 :-eval£  (subs  ({QIp]  «0,Qlnet] -l,x[p±s]  *0},  subs  (Solutions,?  [te]  )  )  >  : 

C  >  *83  s-«val£(subs({Olp]*0,Q  [net]  «0,x[pis]*l},  subs  (Solutions,  F  [te]  ))>  : 

C  >  *91: -evalf  (subs({0lp] -1,0 E»«t]-0,x[pis]»0},subs(Solutions,Fltetop3))>  s 

C  >  *92 ;  -eval f  (  subs  ( {0  Ipl  “0 , 0  [net ]  -1 , x [pis] -0 } ,  subs  (Solutions ,  F  Etetop]  )  )  )  : 

C  >  *93 : -eval £ ( subs ( {Q Ep] «0,Q [net] «0,x [pis] -1}, subs (Solutions,? [tetop] )) ) : 

C  >  AlOli  -evalf  (subs  ({Q Ip]  -1,Q [net]  «0,x  [pis]  -0} , subs  (Solutions, F  Etebot]  )  )  )  s 
C  >  *102 :  -evalf  (subs  ({0 Ep]  «0,Q  [net]  -l,x  Cpis]  *0} ,  subs  (Solutions, F  [tebot]  ) )  )  : 

C  >  *103 : -evalf (subs ({Q Ep] -0 ,0 [net] -0,* [pis] «l}, subs (Solutions, F [tebot] )  >  )  : 

C  >  *111: -evalf  (subs  ({Q[p] -1,0  [net]  *0,x  [pis]  *0},  subs  (Solutions,  Str  [tt]  ))  )  : 

C  >  *112 :  -evalf  (subs  ({QEp]  -0,Q[n«t]  -l,x  [pis] -0}, subs  (Solutions, Str  l tt]  > ) )  : 

C  >  *113: -evalf  (subs  ({QEpl  -0,0 [net]  -0,x  Epis]-l},subs  (Solutions,Str  [tt]  )  )  >  : 

C  >  *121: -evalf  (subs  ({Q Ep  1-1,0 Enet]  -0,x  [pis] -0}, subs  (Solutions, Str  ttb] )) ) : 

Z  >  *122 : -evalf  (subs  ({q  Ep]  -0,0 [net]  -l,x  [pis] -0} , subs  (Solutions,  Str  [tb]  )  )  )  s 
C  >  *123 :  -evalf  (subs  ( {Q  Ep3 -0 , Q  [net]  -0  ,x  [pis]  -1> ,  subs  (Solutions ,  Str  I fcb]  ) ) )  a 
C  >  *131:  -evalf  (subs  ( {Q  Ep]  -1,Q Enet]  -0,x  [pis]  -0} , subs  (Solutions, F  Ep]  > ) )  : 

C  >  *132 : -evalf (subs ({Q[p3-0,Qtnet]-l,x [pis] -0},  subs  (Solutions,  FEp])))  : 

C  >  *133 :  -evalf  (subs  ( {0  Ep3  «0 ,Q  [net]  -0 ,x  [pis]  -1} , subs  (Solutions ,  F  Ep]  ) )  )  : 

C  >  *141:  -evalf  (subs  ({QEp]-l,Q[net] -0  ,x  [pis] -0},  subs  (Solutions,  P  [cb]  ) > )  : 

C  >  *142 :  -evalf  (subs  ({Q  [p]  -0,Q[net]  -l,x  [pis]  -0},suba  (Solutions, P  [oh3  )  )  )  s 
C  >  A143:-evalf (subs ({Q  Ep] -0,Q [net] -0,x [pis 3-1}, subs (Solutions, P [cb] ) ) ) : 

C  >  *151:  -evalf  (subs  ({Q  Ep]  -1,Q  [net]  -0,x  [pis] -0> ,  subs  (Solutions, F  [net]  )  ) )  : 

L  >  *152 :  -evalf  (subs  ({Q Ep]  -0,0 [net]  «l,x  [pis]  -0} , subs  (Solutions,?  [net]  )  )  ) : 

C  >  AlS3:-evalf  (subs  ({Q Ip]  «0,Q [netl  «0,x  [pis] -1}, subs  (Solutions,?  [net]  )) ) : 


Generation  of  output  matrix  to  Matlab  file 

C  Output  matrix  coefficients  values  to  a  file  which  Matlah/Simulink  can  read 
C  >  interface (echo- 0) j 
C  >  writetopThesisSlnllatrix.m'’*)  i 
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C  >  printf  ('Xll  .  %*2 . 08*; '#A11)  j 
C  >  printf  ('X12  -  %+2.08*i',A12) i 
C  >  printf ( ~X13  -  %+2.0B*i',Al3)i 
C  >  printf  CA21  -  %+2.08*i',A21)i 
C  >  printf <*A22  -  %+2 .06*; %A22) > 

C  >  printf ('A23  ■  %+2 . 08* ;  ',X23)  i 
C  >  printf  <*\A31  -  %+2.08*i',A31) j 
C  >  printf  ('A3 2  -  %+2 . 08*;  A32)  j 
C  >  printf  ('A3 3  -  %+2.08*i',A33>  i 
C  >  printf ('A41  m  %+2.08*; ',A41)  j 
C  >  printf  ('A42  -  %+2 . 08*;  ',A42>  j 
C  >  printf  ('A43  -  %+2.0B*>  %M3)  j 
C  >  printer A51  -  %+2.08*;',A51)} 

C  >  print f ('X52  -  %+2.08*i',AS2) > 

[  >  printf ('AS 3  -  %+2.08*}' ,A53) , 

C  >  printf  ('AS  1  -  %+2.08*>',A£l)  j 
C  >  printf  ('AS  2  -  %+2.08*i'  ,AS2>  i 
C  >  printf  ( 'AS  3  -  %+2.0S*; ',AS3) j 
c  >  printf  TA71  -  %+2 . 0B«;  A71)  j 

[  >  printf  ("X7 2  .  %+2.08*;',A72) } 

C  >  printf (‘X73  -  %+2 .08*; ',A73) i 
C  >  printf <'AB1  »  %+2.08*}',A81)i 
C  >  printf  ('A82  -  %+2.08** ',A82) > 

C  >  printf  rxB3  -  %+2.QS*; ',A83)  j 
C  >  printf  ('A91  -  %+2.08*j  ',A51>  j 
C  >  printf  ('A82  -  %+2.0B*> ‘,A32> , 

C  >  printf ('AS 3  -  %+2 . 08«;  ',A33)  j 
C  >  printf (‘XlOl  -  %+2 . 08*; ',  A101) } 

C  >  printf  rxi02  -  %+2 .08*} ',A102) > 

C  >  printf  rxi03  »  %+2 . 08*| '#A103) } 

C  >  printf  rxill  -  %+2.08*j',Alll)  } 

C  >  printf  ( '  A112  -  %+2 . 08*;  ',A112)  i 
C  >  printf  (*" XI 13  «  %+2.08*j',A113) ; 

C  >  printf ('A121  «  %+2.08*;',A121)/ 

C  >  printf  ('XI 2 2  -  %+2 .08*} ',A122) ; 

C  >  printf  ("X12 3  -  %+2 . 08*}'  ,A123)  j 
C  >  printf  ('A131  -  %+2.08*>',A131)  j 
C  >  printf  ('A132  «  %+2.08*j ',A132) j 
[  >  printf  ('A133  -  %+2.08*j'  ,A133)  > 

C  >  printf ("X141  .  %+2.08*>',A141); 

C  >  printf ('A14 2  -  %+2 .08*;' ,A142) j 
C  >  printf  PA143  -  %+2 . 06*; ',A143) ; 

C  >  printf ('XI 51  -  %+2 .08*} ',A151) j 
C  >  printf ("XI 5 2  -  %+2 .08*1 ',A152) ; 

C  >  printf TX153  -  %+2 .08*} ',A153) , 

C  >  printf ( 'Ap  «  %♦ 2 . 08«; ' , *v*lf (X [p] ) ) ; 

C  >  printf ( 'Apia-  %+2 . 08*i ' , *v*lf (X [pi*] ) ) > 
C  >  printf  (**H>i*«  %+2.0B*i ',«valf  (If  [pis]  ) )  , 
C  >  writ*to(t*rninal)  j 
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